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We  found  direct  evidence  that  a  single-crystal-like  aragonite  platelet  is  essentially  assembled  with  aragonite  nanoparticles.  The  aragonite 
nanoparticles  are  readily  oriented  and  assembled  into  pseudo-single-crystal  aragonite  platelets  via  screw  dislocation  and  amorphous 
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the  biopolymer  in  nacre,  leaving  nanoscale  holes  at  the  aragonite  platelet  boundaries  and  on  the  platelet  surfaces.  By  directly  probing  the 
biopolymer  nanostrands  using  an  atomic  force  microscope,  we  unveiled  that  the  biopolymer  in  nacre  has  the  capability  to  strengthen  itself 
during  deformation.  An  elastic  modulus  of  10.57  GPa  was  determined  for  nacre  biopolymer  matrix  for  the  first  time.  Under  high  strain  rate 
compression,  nacre  exhibits  surprisingly  high  fracture  strength  and  relatively  marked  plastic  deformation  excursion  compared  with  those  in 
the  quasi-static  loading  mode.  We  discovered  a  new  deformation  mechanism  that  the  emission  of  partial  dislocation  and  the  onset  of 
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Scientific  Progress 


We  found  direct  evidence  that  a  single-crystal-like  aragonite  platelet  is  essentially  assembled  with  aragonite  nanoparticles.  The 
aragonite  nanoparticles  are  readily  oriented  and  assembled  into  pseudosingle-crystal  aragonite  platelets  via  screw  dislocation 
and  amorphous  aggregation,  which  are  two  dominant  mediating  mechanisms  between  nanoparticles  during  biomineralization. 
These  findings  will  advance  our  understanding  of  nacre’s  biomineralization  process  and  provide  additional  design  guidelines  for 
developing  biomimetic  materials. 

Nanoscale  structural  and  mechanical  characterization  of  heat  treated  nacre  has  been  carried  out.  Two  phase  transformations 
were  identified,  i.e.,  from  aragonite  to  calcite  in  the  500  °C  heat  treated  nacre  and  from  aragonite  to  calcium  oxide  (CaO)  in  the 
1000  °C  heat  treated  nacre.  The  brick-mortar  architecture  remains  in  the  500  °C  heat  treated  nacre,  but  loses  in  the  1000  °C 
heat  treated  nacre.  The  heat  treatment  burned  out  the  biopolymer  in  nacre.  Nanoscale  holes  were  discovered  at  the  aragonite 
platelet  boundaries  and  on  the  platelet  surfaces.  The  heat  treated  nacre  exhibits  a  sharp  loss  in  elastic  modulus  and  hardness 
compared  with  the  fresh  nacre. 

Other  than  maintaining  the  integrity  of  nacre’s  brick-and-mortar  nanoarchitecture,  the  biopolymer  plays  a  critical  role  in  the 
strengthening  and  toughening  of  nacre.  By  directly  probing  the  biopolymer  nanostrands  using  an  atomic  force  microscope,  we 
unveiled  that  the  biopolymer  in  nacre  has  the  capability  to  strengthen  itself  during  deformation.  This  unusual  deformation 
strengthening  mechanism  contributes  remarkably  to  the  ultra-high  toughness  of  nacre,  which  can  be  explained  by  a  coil  spring 
model.  The  findings  advance  the  understanding  of  the  mystery  of  nacre’s  toughening  mechanisms,  provide  additional  design 
guidelines  for  developing  biomimetic  nanomaterials,  and  lay  a  constitutive  foundation  for  modeling  the  deformation  behavior  of 
nacre. 

A  novel  approach  combining  atomic  force  microscopy  probing  of  nacre  biopolymer  strand  and  inverse  finite  element  analysis 
has  been  used  to  directly  measure  the  elastic  modulus  of  nacre  biopolymer  matrix.  An  elastic  modulus  of  10.57  GPa  was 
determined  for  nacre  biopolymer  matrix  for  the  first  time  from  the  direct  measurement.  This  property  is  essential  for  a 
fundamental  understanding  of  the  roles  that  the  biopolymer  matrix  plays  in  nacre’s  strengthening  and  toughening,  and  provides 
guidelines  in  selecting  engineering  polymers  for  biomimetic  materials  design  and  fabrication.  Such  coupled  experimental  and 
modeling  techniques  should  find  more  applications  in  studying  the  mechanical  behavior  of  biological  materials. 

Under  high  strain  rate  compression,  nacre  exhibits  surprisingly  high  fracture  strength  and  relatively  marked  plastic  deformation 
excursion  compared  with  those  in  the  quasi-static  loading  mode.  We  discovered  a  new  deformation  mechanism,  adopted  by 
natural  nacre  to  protect  from  predatory  penetrating  impacts,  that  the  emission  of  partial  dislocation  and  the  onset  of  deformation 
twinning  jointly  play  a  dominated  role  in  the  increased  fracture  strength  and  ductility.  Our  findings  have  provided  solid  evidence 
that  Mother  Nature  delicately  uses  design  principle  down  to  atomic  scale  with  a  purpose  to  fight  against  foreign  attacks,  which 
has  opened  up  a  new  opportunity  to  unravel  the  deformation  mechanism  of  unique  mechanical  performance  at  the  atomic 
scale. 
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1.  Forward 

Armors  must  be  as  lightweight  as  possible  while  providing  sufficient  armor  protection 
against  the  small  arms,  indirect  fire,  and  mine  threats  that  they  are  likely  to  face  in 
combat.  Lightweight  ceramics  have  largely  failed  to  fulfill  their  promise  of 
revolutionizing  armors  with  light  strong  materials  that  withstand  very  high  temperature 
[1,2].  Nacre  (mother-of-pearl)  is  the  best  example  of  a  natural  armor  material  that 
exhibits  structural  robustness,  despite  the  brittle  nature  of  their  ceramic  constituents. 
What  roles  do  the  nanoscale  structures  play  in  the  inelasticity  and  toughening  of  nacre? 
Can  we  learn  from  this  to  produce  man-made  nacre-like  armor  materials?  Existing 
toughening  mechanisms  as  well  as  simulation  and  computational  studies,  however, 
cannot  explain  entirely  the  high  toughness  of  nacre.  This  suggests  that  there  are 
unrevealed  structural  and  toughening  secrets  that  additionally  contribute  to  the 
toughness  of  nacre  [3].  A  systematic  study  on  the  nanoscale  deformation  and 
toughening  mechanisms  of  nacre  is  anticipated  to  impact  a  broad  range  of  fields  related 
to  the  development  of  materials  for  army  applications,  revolutionize  the  way  of  preparing 
lightweight  and  super-tough  armor  materials  and  structural  components,  and  open  up 
new  application  opportunities  of  other  materials.  Furthermore,  the  research  is  well- 
positioned  to  capitalize  on  bio-inspired  materials  concepts,  as  well  as  transfer  the  new 
technologies  to  Army  industry  partners  for  exploitation  in  service 
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2.  Statement  of  the  problem  studied 

With  the  support  from  Army  Research  Office,  The  principal  investigator  (PI)  studied  (1) 
the  crystal  structure  and  texture  of  individual  aragonite  platelets  and  aragonite 
nanoparticles,  (2)  the  mechanical  properties  of  individual  platelets  and  the  biopolymer 
between  the  platelets,  (3)  nacre’s  impact  loading  loading  resistance,  and  (4)  the  load 
transfer  mechanisms  among  the  platelets,  nanoparticles  and  biopolymer. 

3.  Summary  of  the  most  important  results 

With  the  support  from  Army  Research  Office,  the  PI  systematically  studied  how  the 
nanoscale  structures  control  nacre’s  deformation  and  fracture.  The  most  important 
results  are  listed  below. 

1 .  We  found  direct  evidence  that  a  single-crystal-like  aragonite  platelet  is  essentially 
assembled  with  aragonite  nanoparticles.  The  aragonite  nanoparticles  are  readily 
oriented  and  assembled  into  pseudosingle-crystal  aragonite  platelets  via  screw 
dislocation  and  amorphous  aggregation,  which  are  two  dominant  mediating 
mechanisms  between  nanoparticles  during  biomineralization.  These  findings  will 
advance  our  understanding  of  nacre’s  biomineralization  process  and  provide 
additional  design  guidelines  for  developing  biomimetic  materials.  The  findings 
have  been  published  in  Physical  Review  Letters,  102  (2009)  075502  [4], 

2.  Nanoscale  structural  and  mechanical  characterization  of  heat  treated  nacre  has 
been  carried  out.  Two  phase  transformations  were  identified,  i.e.,  from  aragonite 
to  calcite  in  the  500  °C  heat  treated  nacre  and  from  aragonite  to  calcium  oxide 
(CaO)  in  the  1000  °C  heat  treated  nacre.  The  brick-mortar  architecture  remains 
in  the  500  °C  heat  treated  nacre,  but  loses  in  the  1000  °C  heat  treated  nacre. 
The  heat  treatment  burned  out  the  biopolymer  in  nacre.  Nanoscale  holes  were 
discovered  at  the  aragonite  platelet  boundaries  and  on  the  platelet  surfaces.  The 
heat  treated  nacre  exhibits  a  sharp  loss  in  elastic  modulus  and  hardness 
compared  with  the  fresh  nacre.  The  findings  have  been  published  in  Materials 
Science  and  Engineering  C,  29  (2009)  1803-1807  [5]. 

3.  Other  than  maintaining  the  integrity  of  nacre’s  brick-and-mortar  nanoarchitecture, 
the  biopolymer  plays  a  critical  role  in  the  strengthening  and  toughening  of  nacre. 
By  directly  probing  the  biopolymer  nanostrands  using  an  atomic  force 
microscope,  we  unveiled  that  the  biopolymer  in  nacre  has  the  capability  to 
strengthen  itself  during  deformation.  This  unusual  deformation  strengthening 
mechanism  contributes  remarkably  to  the  ultra-high  toughness  of  nacre,  which 
can  be  explained  by  a  coil  spring  model.  The  findings  advance  the  understanding 
of  the  mystery  of  nacre’s  toughening  mechanisms,  provide  additional  design 
guidelines  for  developing  biomimetic  nanomaterials,  and  lay  a  constitutive 
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foundation  for  modeling  the  deformation  behavior  of  nacre.  The  findings  have 
been  submitted  for  publication  [6]. 

4.  A  novel  approach  combining  atomic  force  microscopy  probing  of  nacre 
biopolymer  strand  and  inverse  finite  element  analysis  has  been  used  to  directly 
measure  the  elastic  modulus  of  nacre  biopolymer  matrix.  An  elastic  modulus  of 
10.57  GPa  was  determined  for  nacre  biopolymer  matrix  for  the  first  time  from  the 
direct  measurement.  This  property  is  essential  for  a  fundamental  understanding 
of  the  roles  that  the  biopolymer  matrix  plays  in  nacre’s  strengthening  and 
toughening,  and  provides  guidelines  in  selecting  engineering  polymers  for 
biomimetic  materials  design  and  fabrication.  Such  coupled  experimental  and 
modeling  techniques  should  find  more  applications  in  studying  the  mechanical 
behavior  of  biological  materials.  The  findings  have  been  submitted  for  publication 
[7]- 

5.  Under  high  strain  rate  compression,  nacre  exhibits  surprisingly  high  fracture 
strength  and  relatively  marked  plastic  deformation  excursion  compared  with 
those  in  the  quasi-static  loading  mode.  We  discovered  a  new  deformation 
mechanism,  adopted  by  natural  nacre  to  protect  from  predatory  penetrating 
impacts,  that  the  emission  of  partial  dislocation  and  the  onset  of  deformation 
twinning  jointly  play  a  dominated  role  in  the  increased  fracture  strength  and 
ductility.  Our  findings  have  provided  solid  evidence  that  Mother  Nature  delicately 
uses  design  principle  down  to  atomic  scale  with  a  purpose  to  fight  against  foreign 
attacks,  which  has  opened  up  a  new  opportunity  to  unravel  the  deformation 
mechanism  of  unique  mechanical  performance  at  the  atomic  scale.  The  findings 
have  been  submitted  for  publication  [8]. 

4.  Bibliography 

1.  W.  J.  Clegg,  K.  Kendall,  N.  M.  Alford,  T.  W.  Button,  and  J.  D.  Birchall,  A  Simple 
Way  to  Make  Tough  Ceramics,  Nature,  347  (1990)  455-457. 

2.  C.-A.  Wang,  Y.  Huang,  Q.  Zan,  H.  Guo,  and  S.  Cai,  Biomimetic  Structure  Design 
-  A  Possible  Approach  to  Change  the  Brittleness  of  Ceramics  in  Nature, 
Materials  Science  and  Engineering  C,  11  (2000)  9-12. 

3.  X.  D.  Li,  Nanoscale  Structural  and  Mechanical  Characterization  of  Natural 
Nanocomposites:  Seashells,  JOM,  59  (3)  (2007)  71-74. 

4.  X.  D.  Li  and  Z.  W.  Huang,  Unveiling  the  Formation  Mechanism  of  Pseudo-Single 
Crystal  Aragonite  Platelets  in  Nacre,  Physical  Review  Letters,  102  (2009) 
075502. 

5.  Z.  W.  Huang  and  X.  D.  Li,  Nanoscale  Structural  and  Mechanical  Characterization 
of  Heat  Treated  Nacre,  Materials  Science  and  Engineering  C,  29  (2009)  1803- 
1807. 

6.  Z.  H.  Xu  and  X.  D.  Li,  Deformation  Strengthening  of  the  Biopolymer  Matrix  of 
Nacre,  submitted  for  publication. 


3 


7.  Z.  H.  Xu,  Y.  C.  Yang,  Z.  H.  and  X.  D.  Li,  Elastic  Modulus  of  Biopolymer  Matrix  in 
Nacre  Measured  Using  Coupled  Atomic  Force  Microscopy  Bending  and  Inverse 
Finite  Element  Techniques,  submitted  for  publication. 

8.  Z.  W.  Huang,  H.  Z.  Li,  Z.  L.  Pan,  Q.  M.  Wei,  and  X.  D.  Li,  New  Deformation 
Mechanism  in  Nacre,  submitted  for  publication. 


5.  Appendixes 

Attached  in  the  Appendixes  are  5  papers  resulting  from  the  research. 


4 


PRL  102,  075502  (2009) 


PHYSICAL  REVIEW  LETTERS 


week  ending 
20  FEBRUARY  2009 


Unveiling  the  Formation  Mechanism  of  Pseudo-Single-Crystal  Aragonite  Platelets  in  Nacre 

Xiaodong  Li*  and  Zaiwang  Huang 

Department  of  Mechanical  Engineering,  University  of  South  Carolina,  300  Main  Street,  Columbia,  South  Carolina  29208,  USA 

(Received  8  December  2008;  published  19  February  2009) 

We  demonstrate  direct  evidence  that  a  single-crystal-like  aragonite  platelet  is  essentially  assembled 
with  aragonite  nanoparticles.  The  aragonite  nanoparticles  are  readily  oriented  and  assembled  into  pseudo- 
single-crystal  aragonite  platelets  via  screw  dislocation  and  amorphous  aggregation,  which  are  two 
dominant  mediating  mechanisms  between  nanoparticles  during  biomineralization.  These  findings  will 
advance  our  understanding  of  nacre’s  biomineralization  process  and  provide  additional  design  guidelines 
for  developing  biomimetic  materials. 

DOI:  10.1 103/PhysRevLett.  102.075502  PACS  numbers:  62.20.F-,  46.50.+a,  81.07.-b,  87.85.J- 


Seashells  have  long  been  identified  as  natural  armor 
materials  with  superior  mechanical  strength  and  toughness. 
The  structure  of  seashells  has  evolved  through  millions  of 
years  to  a  level  of  optimization  not  currently  achieved  in 
engineered  materials  [1].  One  of  the  best  examples  is  nacre 
(mother  of  pearl)  that  is  found  in  the  shiny  interior  of  many 
mollusk  shells.  Nacre  is  composed  of  approximately 
95  vol.%  brittle  inorganic  aragonite  (a  mineral  form  of 
CaC03)  and  a  small  percentage  of  organic  biopolymer  [2]. 
This  material  has  a  brick-and-mortar-like  structure  with 
highly  organized  polygonal  aragonite  platelets  of  a  thick¬ 
ness  ranging  from  200  to  500  nm  and  an  edge  length  of 
about  5  jmm  sandwiched  with  a  5-20  nm  thick  organic 
biopolymer  interlayer,  which  assembles  the  aragonite  pla¬ 
telets  together  [3].  Previous  transmission  electron  micros¬ 
copy  (TEM)  studies  showed  that  the  electron  diffraction 
patterns  of  individual  aragonite  platelets  have  character¬ 
istics  of  single-crystal  electron  diffraction  [4-6].  It  has 
long  been  thought  that  aragonite  platelets  are  brittle  single 
crystals.  However,  recent  atomic  force  microscopy  (AFM) 
observation  [3,7,8]  revealed  that  individual  aragonite  pla¬ 
telets  in  fact  consist  of  a  large  number  of  nanometer- sized 
particles  with  an  average  size  of  32-44  nm  and  the  arago¬ 
nite  platelets  are  not  brittle  but  ductile.  This  distinctly 
contradicts  the  fact  that  individual  aragonite  platelets  scat¬ 
ter  as  single  crystals  in  TEM  diffraction.  A  key  question  is 
raised,  but  not  answered:  how  do  nacre’s  aragonite  plate¬ 
lets  exhibit  a  dual  nature  with  the  characteristics  of  both 
monocrystal  and  polycrystals  (nanoparticles)  in  such  a 
contradictory  manner?  Here  we  report  new  mechanisms 
that  nature  uses  to  fabricate  nacre’s  aragonite  platelets  at 
the  nanoscale. 

In  this  Letter,  natural  nacre  materials  from  California  red 
abalone  (. Haliotis  rufescens)  that  belong  to  the  class  of 
gastropoda  were  studied.  The  shells  were  collected  alive 
in  Santa  Barbara,  CA.  To  minimize  the  detrimental  effect 
of  drying  on  the  structure  of  shells,  they  were  cleaned  and 
air  delivered  in  ice  to  the  laboratory  where  the  experiments 
were  conducted.  Nacre  samples  were  cut  from  the  nacre 
layer  of  the  shells  with  a  water-cooled,  low-speed  diamond 


saw.  Then  the  nacre  samples  were  rinsed  thoroughly  with 
distilled  water.  The  TEM  samples  were  prepared  by  sec¬ 
tioning  the  nacre  using  the  microtome  technique  (Microm 
HM  325  Rotary  Paraffin  Microtome)  and  then  transferred 
onto  the  holey  carbon-coated  copper  film  for  observation  in 
a  JEOL  JEM  21  OOF  transmission  electron  microscope  with 
an  accelerating  voltage  of  200  kV. 

Nacre’s  cross  section  resembles  a  brick  wall  with  ara¬ 
gonite  platelets  with  [001]  orientation  toward  organic  bio¬ 
polymer  interlayers,  as  shown  in  Fig.  1(a).  The  electron 
diffraction  patterns  of  individual  aragonite  platelets  exhibit 
characteristics  of  a  single  crystal  [Fig.  1(b)].  The  high 
resolution  TEM  (HRTEM)  image  [Fig.  2(a)]  reveals  that 
individual  aragonite  platelets  consist  of  a  large  number  of 
nanoparticles.  This  is  in  good  agreement  with  the  recent 
AFM  observation  [3,7,8].  Fast  Fourier  transformation 
(FFT)  analysis  reveals  that  these  nanoparticles  are  arago¬ 
nite  [see  inset  in  Fig.  2(a)].  Some  nanoparticles  in  the 
platelet  hold  the  same  crystal  orientation.  Here,  let  us 
take  two  particles  in  the  boxed  area  in  Fig.  2(a)  as  an 
example.  Lattice  fringe  details  [Fig.  2(b)]  suggest  that  the 
interface  between  the  two  adjacent  nanoparticles  involves 
a  slip  of  one  particle  relative  to  the  other  along  [010] 


FIG.  1.  Structural  characterization  of  nacre,  (a)  TEM  image  of 
nacre’s  cross  section,  showing  a  brick  wall-like  architecture  with 
aragonite  platelets  sandwiched  with  organic  biopolymer  inter¬ 
layers.  (b)  Electron  diffraction  pattern  of  aragonite  platelets, 
exhibiting  single-crystal  diffraction  characteristics. 
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FIG.  2  (color).  Observation  and  analy¬ 
sis  of  screw  dislocation,  (a)  TEM  image 
of  two  aragonite  platelets  with  an  or¬ 
ganic  biopolymer  interlayer  and  a  min¬ 
eral  bridge,  (b)  HRTEM  image  of  the 
boxed  area  in  Fig.  2(a),  showing  a  screw 
dislocation  lining  two  adjacent  particles. 

(c)  FFT  pattern  of  the  image  in  Fig.  2(b). 

(d)  Close-up  view  of  the  atomic  arrange¬ 
ment  of  the  interface  between  the  two 
adjacent  nanoparticles,  (e)  Schematic 
showing  that  crystallographic  planes 
linking  the  two  adjacent  nanoparticles 
are  determined  to  be  aragonite  (042) 
planes,  (f)  Screw  dislocation  is  visual¬ 
ized  by  considering  slipping  across  the 
two  adjacent  nanoparticles  by  one  and  a 
half  of  lattice  vector  |  [010]. 


direction.  Atomic  arrangement  at  the  interface  is  crystallo- 
graphically  different  from  that  of  the  two  adjacent  parti¬ 
cles,  but  the  interface  atoms  are  still  packed  in  an  ordered 
and  repeated  manner.  The  crystallographic  planes  linking 
the  two  adjacent  nanoparticles  were  determined  to  be 
aragonite  (042)  planes  [Figs.  2(b)-2(d)],  which  are  sche¬ 
matically  illustrated  in  Fig.  2(e).  Such  a  type  of  crystallo¬ 
graphic  defect  can  be  visualized  as  a  screw  dislocation, 
numerically  corresponding  to  slipping  across  the  two  ad¬ 
jacent  nanoparticles  by  one  and  a  half  of  lattice  vector  | 
[010].  Figure  2(f)  is  a  three-dimensional  schematic  illus¬ 
tration  showing  how  the  two  adjacent  aragonite  nanopar¬ 
ticles  are  assembled  via  such  screw  dislocation  in  a  parallel 
manner. 

Why  does  nature  assemble  aragonite  nanoparticles 
through  such  a  screw  dislocation  mechanism?  Indeed, 
several  independent  studies  reported  screw  dislocation- 
based  spiral  growth  of  aragonite  platelets  [9-13]. 
However,  the  assembly  mechanism  of  the  aragonite  nano¬ 


particles  inside  individual  platelets  is  completely  un¬ 
known.  The  aragonite  nanoparticles  are  defect-free 
crystals  with  unsatisfied  surface  bonds  exposed  to  the 
mineral-solution  or  the  mineral-organic  interface  during 
the  biomineralization  process.  Thermodynamically,  the 
assembly  of  aragonite  nanoparticles  is  preferentially  driven 
via  reducing  overall  surface  energy  associated  with  the 
surface  unsatisfied  bonds.  This  requires  that  aragonite 
nanoparticles  be  oriented  and  attached  to  other  nanopar¬ 
ticles  or  nanoparticle  clusters.  Such  imperfect  coherence 
between  nanoparticles  is  realized  in  nacre  by  low  energy 
driven  screw  dislocation.  A  similar  assembly  strategy  was 
also  demonstrated  in  a  nanocrystalline  titania  particle  sys¬ 
tem  [14]. 

It  was  also  found  that  in  a  single  aragonite  platelet,  some 
nanoparticles  do  not  hold  the  same  crystal  orientation,  but 
why  does  the  platelet  exhibit  single-crystal  diffraction 
characteristics?  Figure  3  shows  the  HRTEM  images  and 
corresponding  FFT  patterns  of  the  nanoparticles  in  an 
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aragonite  platelet.  The  FFT  pattern  [inset  in  Fig.  3(a)]  from 
the  whole  image  of  Fig.  3(a)  clearly  exhibits  single-crystal 
diffraction  characteristics.  Figure  3(a)  contains  at  least 
three  nanoparticles,  as  indicated  by  boxed  areas  b,  c,  and 
d  in  the  figure.  The  FFT  patterns  of  these  three  boxed  areas 
reveal  that  particles  b,  c,  and  d  have  different  crystal 
orientations.  The  diffraction  patterns  of  particles  b,  c,  and 
d  can  be  indexed  [100],  [110],  and  [221]  zones,  respec¬ 
tively.  When  the  three  diffraction  patterns  are  superposed 
[Figs.  3:  (b")  +  (c")  +  (d")L  surprisingly,  they  form  a 
single-crystal-like  diffraction  pattern  [Fig.  3(a")],  i.e., 
pseudo-single-crystal  effect.  The  unique  crystal  structure 
of  aragonite  and  the  arrangement  of  the  aragonite  nano¬ 
particles  in  nacre’s  platelets  make  the  diffraction  patterns 
of  individual  platelets  show  single-crystal  characteristics, 
which  have  confused  us  for  decades. 


Geometrically  speaking,  it  is  impossible  that  all 
aragonite  nanoparticles  are  assembled  by  screw  disloca¬ 
tion  to  achieve  a  high  packing  density.  What  is  the  other 
mechanism  that  works  together  with  screw  disloca¬ 
tion  to  assemble  aragonite  nanoparticles  into  individual 
platelets?  We  found  amorphous  phase  between  some 
aragonite  nanoparticles,  as  shown  in  boxed  area  e  in 
Fig.  3(a).  This  suggests  that  amorphous  aggregation  is 
another  mediating  mechanism  between  nacre’s  aragonite 
nanoparticles  during  the  biomineralization  process.  The 
amorphous  layer  between  nanoparticles  would  assist  the 
particles’  rotation  and  hold  the  surrounding  nanoparticle 
clusters  to  share  a  specific  crystallographic  orientation. 
Figure  4  shows  such  an  aragonite  nanoparticle  being  as¬ 
sembled  (docked)  to  the  assembled  aragonite  platelet.  It  is 
believed  that  screw  dislocation  and  organic  biopolymer 
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FIG.  3  (color).  Pseudo  single  crystal  ef¬ 
fect.  (a)  HRTEM  image  of  an  aragonite 
platelet,  (b)-(e)  Close-up  views  of  boxed 
areas  b,  c,  d,  and  e  in  (a).  (aO-(eO 
Respective  FFT  patterns  of  (a)-(e). 
(a//)-(d//)  Schematics  of  FFT  patterns 
from  corresponding  images  showing 
(b")  +  (c")  +  (d")  =  (a"). 
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FIG.  4  (color).  Nanoparticle  assembly  characteristics,  (a)  HRTEM  image  of  an  aragonite  platelet,  (b)  Close-up  view  of  two 
nanoparticles  attached  to  the  assembled  aragonite  platelet. 


aggregation  work  together  in  assembling  aragonite  nano¬ 
particle  into  individual  platelets. 

In  summary,  we  have  demonstrated  direct  evidence 
that  a  single-crystal-like  aragonite  platelet  is  essentially 
assembled  with  aragonite  nanoparticles.  Screw  disloca¬ 
tion  and  amorphous  aggregation  are  two  dominant  medi¬ 
ating  mechanisms  between  nanoparticles  during  nacre’s 
biomineralization  process.  The  unique  crystal  struc¬ 
ture  of  aragonite  and  the  arrangement  of  the  aragonite 
nanoparticles  in  nacre’s  platelets  make  the  diffraction 
patterns  of  individual  platelets  exhibit  single-crystal 
characteristics. 
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ABSTRACT 


Nanoscale  structural  and  mechanical  characterization  of  heat  treated  nacre  has  been  carried  out.  Two  phase 
transformations  were  identified,  i.e.,  from  aragonite  to  calcite  in  the  500  °C  heat  treated  nacre  and  from 
aragonite  to  calcium  oxide  (CaO)  in  the  1000  °C  heat  treated  nacre.  The  brick-mortar  architecture  remains  in 
the  500  °C  heat  treated  nacre,  but  loses  in  the  1000  °C  heat  treated  nacre.  The  heat  treatment  burned  out  the 
biopolymer  in  nacre.  Nanoscale  holes  were  discovered  at  the  aragonite  platelet  boundaries  and  on  the 
platelet  surfaces.  The  heat  treated  nacre  exhibits  a  sharp  loss  in  elastic  modulus  and  hardness  compared  with 
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Nacre  the  fresh  nacre. 
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1.  Introduction 

The  structure  of  seashells  has  evolved  through  millions  of  years  to 
a  level  of  optimization,  currently  unreachable  in  engineered  materials 
[1].  Nacre  (mother-of-pearl),  which  is  found  in  the  shinny  interior  of 
many  mollusk  shells,  is  one  of  the  most  attractive  natural  biological 
materials  with  superior  mechanical  properties  that  have  fascinated 
scientists  and  engineers  over  decades  [2-4].  This  material  is  composed 
of  95  vol.%  inorganic  aragonite  (a  mineral  form  of  CaC03)  and  only  a 
small  percent  of  organic  biopolymer.  The  most  important  structural 
characteristic  of  nacre  is  its  brick-mortar  architecture  with  highly 
organized  polygonal  aragonite  platelets  (bricks)  of  a  thickness  ranging 
from  200  to  500  nm  and  an  edge  length  of  about  5  pm,  sandwiched 
with  a  5-20  nm  thick  organic  biopolymer  interlayer  (mortar),  which 
glues  the  aragonite  platelets  together  [4].  To  date,  the  majority  of 
research  on  nacre  has  been  focused  on  how  Mother  Nature  builds  up 
such  a  unique  ceramic/polymer  hierarchical  laminated  composite 
from  the  bottom-up,  and  why  nacre  can  achieve  high  strength  without 
compensating  its  toughness.  It  has  long  been  thought  that  nacre's 
aragonite  platelets  are  brittle  single  crystals  and  nacre's  ultrahigh 
strength  and  toughness  mainly  originate  from  crack  deflection  at  the 
organic  biopolymer  interlayer,  which  dissipates  more  energy  during 
the  crack  travel  [5-7].  The  organic  matrix  composed  of  proteins,  such 
as  Lustrin  A,  which  has  a  highly  modular  structure,  i.e.,  a  multidomain 
architecture  with  folded  modules,  serves  as  an  adhesive  binding,  the 
platelets  together.  In  order  to  break  the  molecule  chain  with  folded 
modules,  a  significant  amount  of  energy  is  required  to  unfold  each 
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individual  module,  which  also  contributes  to  the  high  toughness  of 
nacre  [8].  Recently  mineral  bridges  were  found  between  nacre's 
aragonite  platelets,  and  are  believed  to  act  as  ‘ribs’  to  hold  the 
aragonite  platelets  together,  which  contribute  significantly  to  nacre's 
mechanical  robustness  [9].  Another  important  finding  is  the  surface 
nanoasperities  on  nacre's  aragonite  platelets  [10].  The  surface 
nanoasperities  were  found  to  interlock  neighboring  platelets  against 
sliding,  which  mainly  renders  nacre's  inelasticity.  Our  recent  studies 
on  the  nanostructure  and  nanomechanics  of  nacre  using  atomic  force 
microscopy  (AFM)  and  nanoindentation  techniques  have  revealed 
that  the  individual  aragonite  platelets  in  fact  consist  of  millions  of 
nanosized  particles  (grains)  with  an  average  particle  size  of  32  nm  and 
the  aragonite  platelets  are  not  brittle,  but  ductile  [3,4,11].  These 
nanoparticles  can  rotate  and  deform  in  the  deformation  of  nacre. 
Rotation  and  deformation  of  aragonite  nanoparticles  are  the  two 
prominent  mechanisms  contributing  to  energy  dissipation  in  nacre. 
The  biopolymer  spacing  between  nanoparticles  facilitates  the  particle 
rotation  process. 

Nacre  is  a  natural  body  armor  material  with  superior  mechanical 
properties.  Can  we  extend  the  application  of  nacre  to  high  tempera¬ 
ture  regime?  At  what  temperature  range  can  nacre  remain  its 
structural  characteristics  and  mechanical  robustness?  On  the  other 
hand,  nacre  aragonite  and  biopolymer  are  natural  biological  materials 
and  they  may  exhibit  different  phase  transformation  characteristics 
from  the  same  types  of  man-made  engineering/  synthetic  materials. 
An  in-depth  understanding  of  phase  transformation  of  nacre  at  high 
temperature  helps  improve  the  design  of  bioinspired  materials  that 
have  better  high  temperature  performance  and  can  be  used  in  harsh 
environments.  To  date,  however,  little  is  known  about  nacre's  high- 
temperature  structure  and  mechanical  properties.  How  does  thermal 
treatment  affect  nacre's  multiscale  architecture  and  mechanical 
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robustness?  Can  we  learn  more  from  the  heat  treated  nacre?  In  this 
study,  the  structure  of  both  fresh  and  heat  treated  nacre  samples  was 
characterized  using  an  X-ray  diffractometer,  an  atomic  force  micro¬ 
scope  (AFM),  a  scanning  electron  microscope  (SEM),  and  a  high 
resolution  transmission  electron  microscope  (HRTEM).  The  thermo- 
gravimetric  behavior  of  nacre  was  studied  using  a  thermogravimetric 
analyzer.  The  hardnesses  and  elastic  moduli  of  both  fresh  and  heat 
treated  nacre  samples  were  measured  using  a  nanoindenter.  Phase 
transformation  mechanisms  and  the  resulted  mechanical  properties 
are  discussed  in  conjunction  with  brick-mortar  architecture,  nano¬ 
particles  inside  nacre's  platelets  and  biopolymer  degradation  during 
the  heat  treatment  process.  The  findings  reported  here  will  advance 
our  understanding  of  nacre's  high  temperature  structure  and 
mechanical  properties  and  will  provide  application  guidelines  for 
nacre  and  its  bioinspired  materials. 

2.  Experimental 

Natural  nacre  materials  from  California  red  abalone  (Haliotis 
rufescens),  which  belong  to  the  class  of  gastropoda,  were  studied.  The 
shells  were  collected  alive  in  Santa  Barbara,  CA.  To  minimize  the 
detrimental  effect  of  drying  on  the  structure  of  the  shells,  they  were 
cleaned  and  air  delivered  in  ice  to  the  laboratory  where  the 
experiments  were  conducted.  Nacre  samples  were  cut  from  the 
nacre  layer  of  the  shells  with  a  water-cooled,  low-speed  diamond  saw. 
They  were  then  mechanically  ground  and  polished  using  abrasives 
and  powders  down  to  50  nm  in  size  and  rinsed  thoroughly  with 
distilled  water  prior  to  testing.  The  nacre  samples  were  air  heated  for 
10  min  at  500  °C  and  1000  °C,  respectively,  and  subsequently  air 
cooled  down  to  room  temperature. 

The  structure  of  both  fresh  nacre  (without  heat  treatment)  and 
heat  treated  nacre  was  characterized  using  a  Rigaku  D/Max-2100 
powder  X-ray  diffractometer  with  Bragg-Brentano  geometry  and 
Cu  Ka  radiation,  a  FEI  Quanta  200  environmental  SEM,  a  Veeco 
Dimension  3100  AFM  system  (Veeco  Metrology  Group),  and  a  JEOL 
JEM  21  OOF  HRTEM  with  an  accelerating  voltage  of  200  kV.  Thermo¬ 
gravimetric  analysis  (TGA)  and  differential  thermal  analysis  (DTA) 
were  performed  on  nacre  using  a  Thermal  Analysis  Instruments 
SDT2960  Thermogravimetric  Analyzer,  and  the  sample  was  scanned  at 
a  rate  of  20  °C  per  minute.  Weight  loss  of  the  heat  treated  nacre 
samples  was  measured  before  and  after  heat  treatment. 

The  hardnesses  and  elastic  moduli  of  the  nacre  samples  with  and 
without  heat  treatment  were  measured  using  a  Triboscope  nanome¬ 
chanical  testing  system  (Hysitron  Inc.)  in  conjunction  with  the  Veeco 
system.  The  Hysitron  nanoindenter  monitored  and  recorded  the  load 


and  displacement  of  the  indenter,  a  diamond  Berkovich  three-sided 
pyramid,  with  a  force  resolution  of  about  50  nN  and  displacement 
resolution  of  about  0.1  nm.  Hardness  and  elastic  modulus  were 
calculated  from  the  recorded  load-displacement  curves.  The  indenta¬ 
tion  impressions  were  then  imaged  using  the  Veeco  AFM. 

3.  Results  and  discussion 

Fig.  1  shows  the  TGA  and  DTA  curves  of  a  fresh  nacre  sample  heated 
up  to  1000  °C  in  air.  The  weight  loss  was  found  to  be  about  3.6%  between 
264  °C  and  451  °C  with  two  major  slope  changes  in  the  TGA  curve,  which 
is  about  the  weight  percentage  of  the  biopolymer  in  the  fresh  nacre.  The 
first  stage  is  in  the  temperature  range  of 264-348  °C  with  a  weight  loss  of 
2.3%,  which  is  attributed  to  the  decomposition  of  the  organic  matrix  [12]. 
The  weight  loss  in  the  first  stage  is  accompanied  by  an  endothermic 
reaction  at  278  °C  in  the  DTA  curve.  The  second  stage  proceeds  between 
348  °C  and  451  °C  with  a  weight  loss  of  1.3%,  which  results  from  the 
burning-out  of  the  entire  decomposition  biopolymer  matrix.  The  DTA 
curve  also  reveals  that  an  endothermic  transformation  of  aragonite  to 
calcite  occurred  at  446  °C.  Another  weight  loss  of  41%  occurred  in  the 
temperature  range  of  662-824  °C  due  to  the  phase  transformation  from 
calcite  to  calcium  oxide  (CaO),  accounting  for  44%  of  C02  (theoretical 
value)  in  the  decomposition  of  calcite  [12,13].  The  corresponding 
endothermic  effect  was  found  at  808  °C  in  the  DTA  curve. 

The  XRD  spectra  of  the  nacre  samples  with  and  without  heat 
treatment  are  shown  in  Fig.  2.  All  XRD  peaks  obtained  from  the  fresh 
nacre  can  be  well  indexed  as  aragonite.  Aragonite,  packed  by 
orthorhombic  unit  cells  with  lattice  parameters  a  =  4.962  , 
b  =  7.968  ,  and  c  =  5.743  ,  is  well  known  as  a  metastable  polymorph 
of  calcium  carbonate  (CaC03).  After  a  10  min  heat  treatment  at  500  °C, 
the  aragonite  transformed  to  calcite  (a  more  stable  polymorph  of 
CaC03).  In  addition,  the  500  °C  heat  treated  sample  exhibits  a  3.7% 
weight  loss,  which  is  approximately  the  weight  percentage  of  the 
biopolymer  in  the  fresh  nacre  and  the  results  are  in  good  agreement 
with  the  TGA  data  (see  Fig.  1).  This  indicates  that  500  °C  heat 
treatment  burned  out  the  biopolymer  in  nacre.  The  10  min  heat 
treatment  at  1000  °C  resulted  in  another  phase  transformation  from 
calcite  to  calcium  oxide  (CaO),  accompanied  with  a  45.3%  weight  loss 
which  is  also  in  consistence  with  the  TGA  result. 

Fig.  3  shows  the  SEM  images  of  the  fresh  and  heat  treated  nacre 
samples.  The  fresh  nacre  exhibits  the  brick-mortar  architecture  with 
polygonal  aragonite  platelets  assembled  by  the  bioplomer  “glue” 
(Fig.  3a).  The  biopolymer  was  found  to  serve  as  an  adhesive  to  hold 
the  aragonite  platelets  (Fig.  3b).  Nanoscale  asperities  were  found  on 
the  aragonite  platelet  surfaces,  as  shown  in  Fig.  3c.  Compared  with  the 
fresh  nacre,  the  500  °C  heat  treated  nacre  keeps  the  brick-mortar 
architecture  (Fig.  3d)  although  they  have  transformed  from  aragonite 
to  calcite  according  to  our  DAT  and  XRD  results  in  Figs.  1  and  2. 
Detailed  SEM  examination  of  the  platelet  surfaces  reveals  nanoscale 
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Fig.  3.  SEM  images  of  the  fresh  and  heat  treated  nacre  samples,  (a)  and  (b)  SEM  images  of  the  fracture  surface  of  the  fresh  nacre  sample,  showing  brick-mortar  architecture  and 
polygonal  shape  platelets  (a)  and  the  organic  biopolymer  is  found  to  serve  as  adhesive  to  hold  aragonite  platelets  (b).  (c)  SEM  image  of  nanoasperities  on  the  fresh  nacre's  aragonite 
surfaces,  (d)  SEM  image  of  the  cross  section  of  the  500  °C  heat  treated  nacre,  showing  brick- mortar  laminated  architecture  and  crack-like  gaps  between  platelets,  (e)  SEM  image  of 
the  platelet  surfaces  of  the  500  °C  heat  treated  nacre,  showing  nanoscale  holes  at  the  platelet  boundaries  and  on  the  platelet  surfaces,  (f)  SEM  image  of  the  fracture  surface  of  the 
500  °C  heat  treated  nacre,  showing  nanoscale  holes  on  the  platelet  surfaces,  (g)  SEM  image  of  the  cross  section  of  the  1000  °C  heat  treated  nacre,  showing  porous  laminated 
architecture  and  crack-like  gaps,  (h)  SEM  image  of  the  platelet  surfaces  of  the  1000  °C  heat  treated  nacre,  showing  porous  structure  without  the  platelet  characteristic,  (i)  SEM  image 
of  the  fracture  surface  of  the  1000  °C  heat  treated  nacre,  showing  microsized  calcium  particles. 


holes  at  the  platelet  boundaries  and  on  the  platelets,  as  shown  by 
arrows  in  Fig.  3e  and  f.  The  cross  sectional  SEM  image  shows  that  the 
biopolymer  interlayers  between  platelets  disappeared  after  the  heat 


treatment,  leaving  crack-like  gaps  on  the  cross  section.  Our  previous 
studies  [3,4,11]  revealed  that  individual  aragonite  platelets  are 
composed  of  millions  of  nanosized  particles  (grains)  with  an  average 


Fig.  4.  AFM  images  of  (a)  the  fresh  nacre,  (b)  the  500  °C  heat  treated  nacre,  and  (c)  the  1000  °C  heat  treated  nacre. 
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Fig.  5.  TEM  images  of  the  (a,  b)  fresh  nacre,  (c,  d)  the  500  °C  heat  treated  nacre,  and  (e,  f)  the  1000  °C  heat  treated  nacre. 


particle  size  of  32  nm.  Between  these  nanoparticles  exists  a  thin  layer 
of  biopolymer.  It  is  believed  that  these  holes  on  the  platelet  surfaces 
and  crack-like  gaps  on  the  cross  section  of  the  heat  treated  nacre  were 
previously  filled  with  biopolymer,  and  burned  out  during  the  heat 


treatment.  The  discovered  nanoscale  holes  on  the  platelet  surfaces  in 
turn  confirm  our  previous  finding  -  existence  of  nanoparticles  in 
individual  aragonite  platelets.  The  1000  °C  heat  treated  nacre  still 
exhibits  the  characteristics  of  a  laminated  structure  on  the  cross 


Fig.  6.  AFM  images  of  nanoindentation  impressions  and  corresponding  nanoindentation  load-displacement  curves  for  (a,  b)  the  fresh  nacre,  (c,  d)  the  500  °C  heat  treated  nacre,  and 
(e,  f)  the  1000  °C  heat  treated  nacre. 
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Fig.  7.  Hardnesses  and  elastic  moduli  of  the  fresh  and  heat  treated  nacre. 


section  (Fig.  3g),  but  loses  the  polygonal  feature  on  the  top  view 
(Fig.  3h).  The  high  magnification  SEM  images  (Fig.  3h  and  i)  reveal 
microsized  calcium  oxide  particles,  which  might  result  from  the 
growth  and/or  aggregation  of  calcite  nanoparticles  during  the  heat 
treatment  at  1000  °C. 

AFM  was  also  used  to  image  the  nanoscale  morphologies  of  the 
nacre  samples.  The  fresh  nacre  aragonite  surface  exhibits  nanoparticle 
feature  with  an  average  particle  size  of  30-40  nm,  as  shown  in  Fig.  4a, 
in  good  agreement  with  our  previous  observation  [3,4,11].  The 
nanoparticle  feature  survived,  but  grew  up  to  an  average  particle 
size  of  70-90  nm  after  the  500  °C  heat  treatment  (Fig.  4b).  This 
indicates  that  individual  aragonite  nanoparticles  transformed  into 
bigger  calcite  nanoparticles  via  individual  particle  growth  and/or 
agglomeration.  Further  heat  treatment  at  1000  °C  resulted  in 
microsized  calcium  oxide  particle  formation,  as  shown  in  Fig.  4c. 

The  cross  sectional  HRTEM  image  (Fig.  5a)  reveals  that  the  fresh 
nacre  has  a  brick-mortar  structure  with  individual  aragonite  platelets 
sandwiched  together  by  biopolymer  layers  with  mineral  bridges.  The 
aragonite  platelets  exhibit  single  crystal  diffraction  characteristics. 
Preferential  orientation  (c-axis)  of  nacre  growth  was  identified  as 
[001]  direction  (Fig.  5b).  The  500  °C  heat  treated  nacre  illustrates  the 
same  brick-mortar  architecture  (Fig.  5c).  It  is  clear  that  the  biopolymer 
layers  between  the  platelets  disappeared  after  the  heat  treatment 
process.  The  selected  area  diffraction  pattern  shows  ring-like  poly¬ 
crystalline  characteristics  with  calcite  particles  of  different  orienta¬ 
tions  (Fig.  5d).  It  appears  that  the  1000  °C  heat  treated  nacre  still 
exhibits  some  degrees  of  the  laminated  structure  characteristic  but 
shows  a  more  particle-like  coarse  microstructure  (Fig.  5e).  The 
diffraction  pattern  exhibits  a  ring-like  feature  and  can  be  indexed  as 
calcium  oxide  (Fig.  5f). 

Nanoindentations  were  made  on  the  cross  sections  of  the  fresh  and 
heat  treated  nacre  samples  to  determine  their  hardnesses  and  elastic 
moduli.  Fig.  6  shows  the  representative  AFM  images  of  nanoindenta¬ 
tion  marks  and  corresponding  nanoindentation  load-displacement 
curves.  At  about  the  same  indentation  load  of  150  pN,  the  fresh  nacre 


sample  exhibits  a  shallower  indentation  mark  (Fig.  6a)  and  a  smaller 
indentation  displacement  (Fig.  6b)  than  the  500  °C  heat  treated  nacre 
(Fig.  6c  and  d).  In  addition,  more  pop-in  marks  were  found  in  the 
loading  curve  of  the  500  °C  heat  treated  nacre  than  in  that  of  the  fresh 
nacre.  This  suggests  that  the  500  °C  heat  treated  nacre  is  more  brittle 
than  the  fresh  nacre.  At  an  indentation  load  of  25  pN,  which  is  6  times 
lower  than  the  indentation  load  used  on  the  fresh  and  the  500  °C  heat 
treated  nacre  samples,  the  1000  °C  heat  treated  nacre  already  exhibits 
32  nm  indentation  displacement  for  which  the  fresh  nacre  needs  a 
150  pN  load  to  achieve.  Fig.  7  summarizes  the  hardnesses  and  elastic 
moduli  of  the  fresh  and  heat  treated  nacre  samples.  It  can  be  seen  that 
the  fresh  nacre  exhibits  the  highest  hardness  and  elastic  modulus, 
followed  by  the  500  °C  heat  treated  nacre  and  the  1000  °C  heat  treated 
nacre.  The  sharp  loss  in  hardness  and  elastic  modulus  results  from  the 
phase  transformation  and  the  loss  of  biopolymer  integrating  the 
particles  and  platelets. 

4.  Conclusions 

Nacre  is  not  stable  and  will  transform  from  aragonite  to  calcite  to 
calcium  oxide  upon  heating.  The  500  °C  heat  treated  nacre  keeps  the 
brick-mortar  architecture  with  calcite  nanoparticles  inside  individual 
platelets.  Nanoscale  holes  were  discovered  at  the  platelet  boundaries 
and  on  the  platelet  surfaces.  The  1000  °C  heat  treated  nacre  loses  the 
brick-mortar  architecture  characteristic  with  microsized  calcium 
particles  of  various  crystal  orientations.  The  heat  treated  nacre 
exhibits  a  sharp  loss  in  hardness  and  elastic  modulus  compared 
with  the  fresh  nacre,  which  results  from  the  phase  transformation  and 
the  loss  of  biopolymer  integrating  the  particles  and  platelets. 
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Abstract 

Nacre  is  an  ultra-tough  natural  nanocomposite  found  in  mollusk  shell  consisting  of  hard 
aragonite  nanocrystals  and  soft  biopolymer  matrix.  Other  than  maintaining  the  integrity  of 
nacre’s  brick-and-mortar  nanoarchitecture,  the  biopolymer  plays  a  critical  role  in  the 
strengthening  and  toughening  of  nacre.  By  directly  probing  the  biopolymer  strands  using  an 
atomic  force  microscope,  we  unveiled  that  the  biopolymer  in  nacre  has  the  capability  to 
strengthen  itself  during  deformation.  This  unusual  deformation  strengthening  mechanism 
contributes  remarkably  to  the  ultra-high  toughness  of  nacre,  which  can  be  explained  by  a  coil 
spring  model.  The  findings  advance  the  understanding  of  the  mystery  of  nacre’s  toughening 
mechanisms,  provide  additional  design  guidelines  for  developing  biomimetic  nanomaterials,  and 
lay  a  constitutive  foundation  for  modeling  the  deformation  behavior  of  nacre. 

Keywords:  Nacre;  Biopolymer;  Strengthening;  Toughening;  Atomic  Force  Microscopy. 
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1.  Introduction 


Nacre,  also  known  as  mother  of  pearl,  is  a  natural  nanocomposite  material  that  forms  the 
inner  layer  of  many  mollusk  shells  [1,2].  Consisting  of  about  95  wt.  %  brittle  inorganic  aragonite 
(a  mineral  form  of  CaCOa)  and  5%  of  organic  biopolymer,  nacre  has  a  unique  brick- and-mortar- 
like  architecture  with  highly  organized  polygonal  aragonite  platelets  of  a  thickness  around  500 
nm  and  an  edge  length  about  5  pm  embedded  in  the  biopolymer  matrix  [3’4].  The  combination  of 
soft  biopolymer  and  hard  aragonite  makes  nacre  2-fold  stronger  and  1000-fold  tougher  than  its 
constituent  materials  [1].  Such  remarkable  properties  have  motivated  many  researchers  to 
reproduce  nature’s  achievement  by  synthesizing  biomimetic  nanocomposites  [5'8]  and  to 
understand  the  deformation  and  toughening  mechanisms  of  nacre  [9'24]. 

Previous  studies  have  revealed  that  the  toughening  of  nacre  originates  from  its  unique 
lamellar  structure  formed  through  millions  of  years  of  evolution.  Several  toughening 
mechanisms  have  been  proposed  based  on  experimental  observation  and  computational  modeling 
of  the  deformation  and  facture  of  nacre.  On  one  hand,  the  ultra-high  toughness  of  nacre  has  been 
related  to  the  unique  microstructural  features  of  the  aragonite  platelets.  For  example,  Evans  et  al. 
[11]  and  Wang  et  al. [12]  attributed  the  ductility  and  toughening  of  nacre  to  the  interaction  of  the 
surface  nanoasperities  on  the  aragonite  platelets  and  the  formation  of  dilatation  bands.  Song  et  al. 
[16]  showed  that  the  small  mineral  bridges  between  aragonite  platelets  play  a  key  role  in  the 
mechanical  robustness  of  nacre.  Li  et  al.  [17]  found  that  aragonite  nanoparticle  rotation  and 
deformation  are  the  prominent  mechanisms  contributing  to  the  inelasticity  and  toughening  of 
nacre.  Katti  et  al.  [18]  showed  through  finite  element  modeling  that  the  interlocks  between 
aragonite  platelets  play  an  important  role  in  the  strengthening  and  toughening  of  nacre.  Barthelat 
et  al.  [19]  argued  that  the  surface  waviness  of  the  aragonite  platelets  could  generate  strain 


2 


hardening,  spread  the  inelastic  deformation,  suppress  damage  localization  leading  to  material 
instability,  and  thus  contribute  to  the  toughness  of  nacre.  On  the  other  hand,  research  has  also 
been  focused  on  the  role  of  biopolymer  matrix  in  the  toughening  of  nacre.  Smith  et  al.  [20]  found 
that  the  biopolymer  molecule(s)  in  nacre  matrix  with  a  modular  structure  can  unfold  its  modular 
domains  during  atomic  force  microscopy  (AFM)  extension  and  dissipates  more  energy  compared 
to  short  molecule  without  modular,  which  contributes  to  both  high  tensile  strength  and  high 
toughness  of  nacre.  Evans  et  al.  [11]  hypothesized  that  the  organic  matrix  enhances  the  toughness 
of  nacre  by  creating  a  viscoelastic  glue  layer  at  the  interface  between  adjacent  platelets.  Tushtev 
et  al. [21]  showed  through  finite  element  calculations  that  the  thin  layer  of  biopolymer  plays  a  key 
role  in  the  stress  distribution  in  nacre  and  the  high  stiffness  determined  experimentally  is  only 
feasible  if  the  organic  layer  is  incompressible  (Poisson’s  ratio  equals  0.5).  Meyers  et  al.  [22, 23] 
investigated  the  biopolymer  membrane  on  the  growth  surfaces  of  nacre  and  found  that  the 
organic  layer  exhibits  significant  strength  and  stiffness  when  it  is  dry  but  shows  low  modulus 
and  strength  and  great  extensibility  in  a  fully  hydrated  state.  Although  much  effort  has  been 
devoted  to  understanding  the  toughening  mechanisms  of  nacre,  it  is  still  unknown  what  roles  the 
biopolymer  plays  in  the  strengthening  and  toughening  of  nacre  and  how  the  biopolymer  behaves 
during  mechanical  deformation. 

2.  Results  and  discussion 

Fig.  la  shows  a  biopolymer  strand  with  a  length  of  100  nm  and  a  diameter  about  36  nm 
that  was  stretched  between  two  aragonite  platelets.  To  probe  the  deformation  behavior  of  the 
biopolymer  strand,  a  RESEP  tapping  AFM  probe  was  used  to  perform  a  bending  test  at  the 
middle  of  the  biopolymer  strand  as  schematically  shown  in  Fig.  lb.  The  probe  has  a  sharp  silicon 
tip  with  a  nominal  radius  less  than  10  nm  for  tapping  AFM  and  a  rectangle  shape  cantilever  with 
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a  spring  constant  k  =  34.4  N/m  [25].  During  bending  test,  the  cantilever  approached  to  the 
biopolymer  strand  at  a  velocity  of  144  nm/s  (loading).  When  the  tip  was  in  contact  with  the 
biopolymer  strand,  the  cantilever  started  to  deflect  up  and  a  bending  force  was  applied  to  the 
biopolymer  strand.  Once  the  cantilever  deflection  reached  a  preset  threshold,  the  cantilever 
withdrew  with  the  same  velocity  (unloading).  The  bending  force  was  calculated  using  Hooke’s 
law.  A  typical  bending  force-deflection  curve  of  the  biopolymer  strand  is  shown  in  Fig.  lc.  The 
loading  curve  normally  consists  of  two  linear  segments  with  different  slopes.  The  first  segment  is 
rather  smooth  reflecting  an  elastic  deformation  behavior  of  the  biopolymer  strand  while  the 
second  segment  shows  random  serrated  features  denoting  inelastic  behavior.  The  slope  of  the 
first  segment  is  about  21.1  nN/nm  while  that  of  the  second  one  is  94.9  nN/nm,  which  clearly 
indicates  an  increasing  stiffness  of  the  biopolymer  strand  with  the  increase  of  deformation.  This 
kind  of  deformation  strengthening  of  the  matrix  biopolymer  will  enhance  both  the  strength  and 
toughness  of  nacre.  In  fact,  Marszalek  et  al.  [26]  also  predicted  a  similar  bilinear  behavior  in 
mechanically  unfolding  the  modular  protein  titin  using  steered  molecular  dynamics  simulations. 
The  unloading  curve  does  not  overlap  with  the  loading  one,  indicating  inelastic  deformation  of 
the  biopolymer  strand  and  energy  dissipation  during  the  bending  test. 

Fig.  2a  shows  an  AFM  height  image  of  three  biopolymer  strands  stretched  between  two 
aragonite  platelets.  Two  bending  tests  were  performed  consecutively  on  the  right  biopolymer 
strand  highlighted  with  an  arrow.  Test  1(T1)  consists  of  two  bending  experiments  with  the 
respective  maximum  forces  of  144.6  nN  and  342.2  nN.  Test  2  (T2)  consists  of  three  bending 
experiments  with  the  respective  maximum  forces  of  148.2  nN,  350.9  nN,  and  534.8  nN.  Figs.  2b 
and  2c  show  the  AFM  height  images  of  the  right  biopolymer  strand  after  T1  and  T2, 
respectively.  As  can  be  seen,  the  surface  morphology  of  the  biopolymer  strand  (highlighted  with 
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the  arrow)  bended  by  AFM  tip  change  dramatically  after  both  tests  while  the  other  two 
biopolymer  strands  without  any  bending  remain  the  same.  Figs.  2d-f  present  the  detailed  surface 
profiles  of  the  right  biopolymer  strand  before  bending  (Fig.  2d),  after  T1  (Fig.  2e),  and  after  T2 
(Fig.  2f),  respectively  and  the  locations  where  the  surface  profiles  were  taken  from.  Clearly,  the 
surface  profiles  of  the  biopolymer  strand  after  T1  and  T2  (Figs.  2e-f)  become  more  bulging  and 
rougher  compared  to  that  before  bending  (Fig.  2d).  Fig.  2g  shows  two  bending  force-deflection 
curves  from  T1  and  T2  with  similar  maximum  bending  forces  of  144.6  nN  (Tl)  and  148.2  nN 
(T2).  It  should  be  noted  that  Tl  is  performed  on  the  biopolymer  strand  in  a  state  shown  in  Fig.  2a 
while  T2  on  the  same  biopolymer  strand  in  a  state  shown  in  Fig.  2b.  The  two  bending  force- 
deflection  curves  from  Tl  and  T2  overlap  each  other  very  well  at  the  initial  bending.  This  also 
suggests  that  the  initial  deformation  was  mostly  elastic.  With  the  cantilever  moving  further 
down,  the  curves  from  Tl  and  T2  start  to  deviate  from  each  other.  At  the  same  cantilever 
position,  bending  force  for  Tl  is  larger  than  that  for  T2,  indicating  a  decrease  in  the  stiffness  of 
the  biopolymer  strand.  Fig.  2h  is  a  close-up  of  the  loading  curves  of  Tl  and  T2,  which  has  a 
random  serrated  characteristic  as  highlighted  by  the  arrows. 

As  discussed  above,  the  bending  process  of  a  biopolymer  strand  of  nacre  matrix  may  be 
divided  into  three  stages  schematically  shown  in  Fig.  3a.  At  the  initial  loading  (stage  1), 
deformation  of  the  biopolymer  strand  is  mainly  elastic  with  a  relatively  low  stiffness  (small  slope 
of  the  bending  force-deflection  curve).  With  further  increasing  loading,  deformation  of  the 
biopolymer  strand  becomes  inelastic  (stage  2)  with  high  stiffness  (large  slope  of  the  bending 
force-deflection  curve).  The  unloading  curve  (stage  3)  does  not  overlap  with  the  loading  one  due 
to  the  inelastic  deformation  and  the  dark  area  between  the  loading  and  unloading  curves  is  the 
dissipated  energy  through  heat.  The  stiffness  increase  with  deformation  for  the  biopolymer 
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strand  during  loading  reveals  a  new  deformation  toughening  mechanism,  which  may  be 


understood  by  considering  the  extension  of  single  biopolymer  molecule  as  a  series  of  helical 
spring.  It  is  well  known  that  the  biopolymer  of  nacre  has  highly  modular  structure  that  unfolds 
upon  loading  and  refolds  when  unloading.  Fig.  3b  is  a  schematic  of  three  modules  of  a  single 
biopolymer  molecule.  Each  module  may  be  considered  as  a  helical  spring.  The  spring  constant  of 


the  helical  spring  may  be  calculated  by  the  following  equation  [27]. 


(1) 


lfinCl  +iO(D-d)3 


where  ks  is  the  spring  constant  of  biopolymer  module,  E  and  v  are  the  elastic  modulus  and 
Poisson’s  ratio  of  the  biopolymer  wire,  respectively,  d  is  the  diameter  of  the  biopolymer  wire,  n 
is  number  of  active  windings,  and  D  is  the  spring  outer  diameter.  When  a  small  external  load  is 
applied  to  extend  the  biopolymer  molecule,  the  deformation  is  elastic  and  mostly  accommodated 
by  stretching  the  bonds  between  the  tangled  biopolymer  wires  in  the  module.  At  certain  critical 
load,  the  bonds  between  the  tangled  biopolymer  wires  start  to  break,  leading  to  the  unfolding  of 
the  biopolymer  module.  The  biopolymer  module  may  totally  unfold  as  a  straight  wire  as  shown 
in  Fig.  3c.  The  spring  constant  of  the  straight  biopolymer  wire  kw  is  given  by 


(2) 


Combine  Equations  1  and  2,  we  have 


From  the  geometry  point  of  view,  D  must  be  larger  than  or  at  least  equals  to  2d.  This  means  the 
spring  constant  of  the  straight  wire  kw  is  always  larger  than  that  of  the  biopolymer  module. 
Therefore,  the  spring  constant  or  stiffness  of  the  biopolymer  molecule  increases  with  the 
unfolding  of  each  module.  This  may  explain  the  deformation  strengthening  of  the  nacre’s 
biopolymer  strand  with  high  modular  structure  observed  in  this  study.  After  releasing  the 
external  load,  the  unfolded  biopolymer  module  will  refold  [20, 28]  as  schematically  shown  in  Fig. 
3d.  Since  energy  dissipation  occurs  during  the  unfolding  and  refolding  of  the  biopolymer 
module,  thermodynamically  it  is  impossible  to  have  the  unfolded  biopolymer  wire  refold  to  its 
original  state  as  shown  in  Fig.  3b.  Instead,  the  biopolymer  wire  will  refold  to  form  a  rather  loose 
module,  which  results  in  a  more  bulging  and  rougher  biopolymer  strand  as  observed  in  Figs.  2a- 
f.  The  difference  in  bending  force-deflection  curves  observed  in  Figs.  2g-h  may  also  be 
explained  by  the  spring  model  considering  the  structure  change  in  the  biopolymer  module  as 
shown  in  Figs.  3b  and  3d.  When  the  bending  force  is  small,  the  deformation  is  elastic  and  mainly 
accommodated  by  the  extension  of  the  bonding  among  the  overlapped  parts  of  the  biopolymer 
wire.  Since  the  chemical  bonds  among  the  overlapped  parts  of  the  biopolymer  wire  remain  the 
same  after  refolding,  the  initial  elastic  parts  of  the  bending  force-deflection  curves  of  T1  and  T2 
in  Fig.  2g  overlap  each  other  very  well.  However,  with  further  increase  of  the  bending  force,  the 
chemical  bonds  start  to  break  and  biopolymer  module  starts  to  unfold  and  behave  like  a  spring. 
As  shown  in  Equation  1 ,  the  spring  constant  is  inverse  proportional  to  D3  and  thus  the  refolded 
biopolymer  module  with  a  larger  D  should  have  a  spring  constant  ks’  smaller  than  ks.  This  makes 
the  refolded  biopolymer  strand  behave  more  compliant  than  its  original  state  leading  to  a 
stiffness  decrease  in  T2  as  shown  in  Fig.  2g.  The  serrated  features  of  the  bending  force- 
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deflection  curves  shown  in  Fig.  2h  may  be  due  to  the  unfolding  of  the  biopolymer  module  and/or 
the  detaching  of  the  biopolymer  molecule  from  the  aragonite  platelets. 

3.  Conclusions 

Bending  test  has  been  performed  to  probe  the  deformation  behavior  of  the  biopolymer 
strands  of  nacre’s  matrix  using  AFM.  It  is  found  that  the  biopolymer  matrix  in  nacre  has  the 
capability  to  strengthen  itself  during  deformation.  A  spring  model  has  been  proposed  to  explain 
the  deformation  strengthening  mechanism.  It  is  believed  that  the  deformation  strengthening 
mechanism  of  biopolymer  matrix  contributes  to  the  ultra-high  toughness  of  nacre  together  with 
other  toughening  mechanisms  such  as,  crack  deflection,  deformability  of  aragonite  platelets, 
aragonite  platelet  slip,  interlocks  from  platelet  surface  nanoasperities,  and  rotation  and 
deformation  of  nanoparticles.  This  finding  may  provide  further  understanding  of  the  mystery  of 
nacre’s  toughening,  additional  design  guidelines  for  developing  biomimetic  nanomaterials,  and  a 
constitutive  foundation  for  modeling  of  the  deformation  behavior  of  nacre. 

4.  Experimental 

The  nacre  materials  used  in  this  study  are  from  California  red  abalone  (Haliotis 
rufescens)  that  belongs  to  the  class  of  gastropoda.  The  shells  were  collected  alive  in  Santa 
Barbara,  CA.  To  minimize  the  detrimental  effect  of  drying  on  the  structure  of  shells,  they  were 
cleaned  and  air  delivered  in  ice  to  the  laboratory  where  the  experiments  were  conducted.  A 
notched  beam  specimen  with  dimension  of  15  x  2.3  x  1.7  mm  (length  x  height  x  width)  was  cut 
from  the  nacre  layer  of  the  shells  with  a  water-cooled,  low-speed  diamond  saw  and  the  top 
surface  of  the  specimen  was  mechanically  ground  and  polished  using  abrasives  and  powders 
down  to  50  nm  in  size  (Fig.  4a).  The  specimen  was  then  mounted  to  a  custom-designed 


8 


micromechanical  tester  which  was  integrated  with  an  AFM  (Veeco  Dimension  3100,  Veeco 
Metrology  Group,  Santa  Barbara,  CA)  to  perform  three-point  bending  test  while  AFM  imaging 
was  carried  out  simultaneously  around  the  notch  tip,  where  stress  concentration  occurred  and 
nacre  material  was  mainly  subjected  to  tensile  stresses.  Upon  tension,  the  nacre  material  around 
the  notch  tip  was  deformed  and  elongated  and  the  biopolymer  matrix  between  aragonite  platelets 
was  stretched  to  form  the  biopolymer  strands  as  shown  in  Figs.  4b  and  4c.  Bending  test  was 
performed  at  the  middle  of  the  biopolymer  strand  using  a  RESEP  tapping  AFM  probe  to  probe 
the  deformation  behavior  of  the  biopolymer.  The  fractured  nacre  specimens  were  observed  using 
a  field  emission  scanning  electron  microscope  (FE-SEM,  Ultra  Plus,  Carl  Zeiss  SMT  Inc., 
Peabody,  MA)  with  an  accelerating  voltage  of  5  kV.  The  SEM  images  (Figs.  4d  and  4f)  also 
show  the  biopolymer  strands  between  the  aragonite  platelets. 
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Figure  captions 

Fig- 1  .  AFM  bending  of  biopolymer  strand,  (a)  AFM  image  of  a  single  biopolymer  strand  stretched  between  aragonite 
platelets,  (b)  Schematic  of  the  setup  of  AFM  bending  test,  (c)  A  typical  bending  force-deflection  curve  of  a  biopolymer 
strand. 

Fig.  2.  Morphology  changes  and  bending  force-deflection  curves  of  a  biopolymer  strand  after  a  series  of  bending 
tests,  (a)  Original  morphology  of  biopolymer  strands,  (b)  Morphology  of  biopolymer  strands  after  T1.  (c)  Morphology 
of  biopolymer  strands  after  T2.  (d)  -  (f)  surface  profiles  of  the  tested  biopolymer  strands  of  (a)  -  (c)  respectively,  (g) 
Bending  force-deflection  curves  of  T1  and  T2.  (h)  Close-up  of  loading  segments  of  curves  in  (g)  showing  the  serrated 
features. 

Fig.  3.  Schematic  of  deformation  strengthening  mechanism  of  the  biopolymer  of  nacre,  (a)  Bending  force-deflection 
curve  showing  the  three  stages  of  deformation  and  the  biopolymer  strand  before  and  after  bending,  (b)  Biopolymer 
molecule  with  modular  structure  before  extension,  (c)  Biopolymer  molecule  under  extension  with  an  unfolded  module, 
(d)  Biopolymer  molecule  after  extension  with  a  refolded  module. 

Fig.  4.  Biopolymer  strands  stretched  between  aragonite  platelets,  (a)  Schematic  of  a  notched  nacre  beam,  (b)  AFM 
image  of  biopolymer  strands  stretched  between  aragonite  platelets,  (c)  Close-up  of  biopolymer  strands  in  (b).  (d) 
FESEM  image  of  biopolymer  strands  stretched  between  aragonite  platelets,  (e)  Close-up  of  biopolymer  strands  in  (d). 
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E  lastic  modulus  of  biopolymer  matrix  in  nacre  measured  using  coupled  atomic  force 
microscopy  bending  and  inverse  finite  element  techniques 
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Abstract 

A  novel  approach  combining  atomic  force  microscopy  probing  of  nacre  biopolymer  strand  and 
inverse  finite  element  analysis  has  been  used  to  directly  measure  the  elastic  modulus  of  nacre 
biopolymer  matrix.  An  elastic  modulus  of  10.57±2.56  GPa  was  determined  for  nacre  biopolymer 
matrix  for  the  first  time  from  the  direct  measurement.  This  property  is  essential  for  a 
fundamental  understanding  of  the  roles  that  the  biopolymer  matrix  plays  in  nacre’s  strengthening 
and  toughening,  and  provides  guidelines  in  selecting  engineering  polymers  for  biomimetic 
materials  design  and  fabrication.  Such  coupled  experimental  and  modeling  techniques  should 
find  more  applications  in  studying  the  mechanical  behavior  of  biological  materials. 
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Elastic  modulus;  Biopolymer;  Nacre;  Atomic  force  microscopy;  Inverse  finite  element. 
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1. 1  ntroduction 


Nacre,  also  known  as  mother  of  pearl,  is  a  natural  material  that  forms  the  inner  layer  of  many 
mollusk  shells  [1,2].  It  consists  of  about  95%  brittle  inorganic  aragonite  (a  mineral  form  of 
CaCC>3)  and  5%  of  organic  biopolymer  arranged  in  a  unique  brick-and-mortar-like  architecture, 
where  highly  organized  polygonal  aragonite  platelets  of  a  thickness  around  500  nm  and  an  edge 
length  about  5  pm  are  embedded  in  a  biopolymer  matrix  with  a  thickness  of  5-20  nm  [3],  Such 
laminated  structure  makes  nacre  2  times  stronger  and  1000  times  tougher  than  its  constituent 
materials  [1].  This  has  motivated  many  researchers  to  study  the  deformation  and  toughening 
mechanisms  of  nacre  [4-13]  and  to  reproduce  nature’s  achievement  by  synthesizing  biomimetic 
nanocomposites  [14-16]. 

Several  mechanisms  have  been  reported  contributing  to  the  strengthening  and  toughening  of 
nacre.  This  includes  the  interlocks  between  aragonite  platelets  due  to  nanoasperities  on  platelet 
surface  [5,6]  and  penetration  of  adjacent  platelets  [7],  strain  hardening  due  to  microscale 
waviness  of  the  platelets  [8],  mineral  bridge  connection  between  aragonite  platelets  [9],  and 
rotation  and  deformation  of  aragonite  nanoparticles  [10].  In  addition  to  the  significant 
contribution  of  aragonite  platelets  to  the  strengthening  and  toughening  of  nacre,  the  biopolymer 
matrix,  although  it  just  occupies  5%  of  the  nacre  structure,  also  plays  extremely  important  role. 
The  biopolymer  layer  not  only  regulates  the  nucleation  and  growth  of  aragonite  platelets  [11]  but 
also  serves  as  a  glue  to  keep  the  integrity  of  the  nacre  structure  [12],  Biopolymer  between  the 
aragonite  nanoparticles  allows  the  spacing  and  rotation  of  these  nanoparticles  and  thus  the 
inelastic  deformation  and  toughening  of  nacre  [10].  Having  a  specific  modular  structure,  the 
biopolymer  molecule  in  nacre  matrix  can  unfold  and  refold  its  modular  domains  and  dissipate 
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more  energy  during  deformation  [13],  which  also  contributes  to  the  strengthening  and 
toughening  of  nacre. 

Since  biopolymer  matrix  plays  a  key  role  in  the  strengthening  and  toughening  of  nacre, 
considerable  effort  has  been  made  to  determine  the  mechanical  properties  of  the  biopolymer 
matrix  of  nacre  [17-21].  Three  dimensional  finite  element  modeling  of  tensile  test  of  nacre  shows 
that  the  average  elastic  modulus  of  the  biopolymer  layer  in  nacre  should  be  of  the  order  of  15 
GPa  so  that  a  realistic  elastic  modulus  for  the  modeled  nacre  structure  can  be  achieved  [17].  Two 
dimensional  finite  element  model  of  indentation  on  layered  structure  with  450-nm-thick  tablets 
and  35-nm-thick  interface  was  built  to  fit  the  experimental  nanoindentation  load-penetration 
depth  curves  of  nacre  and  the  best  fit  gives  an  elastic  modulus  of  2.84+0.27  GPa  for  the 
biopolymer  interfaces  [18].  Through  both  shallow  and  deep  Hertzian  indentation  on  nacre,  elastic 
modulus  of  the  “intercrystalline”  organic  phase  was  also  drawn  from  a  structure  model  using  the 
relationship  of  the  transversal  Young’s  modulus  of  a  stacking  of  layers  made  up  of  pure  matrix 
and  reinforced  layers  (biopolymer  and  aragonite).  The  elastic  modulus  so  determined  is  6.308 
GPa  for  the  biopolymer  matrix,  which  is  about  one  tenth  of  the  aragonite  [19].  Recently, 
combining  Hertzian  and  Berkovich  indentations  of  nacre  and  the  Mori-Tanak’s  model  for 
composite  elastic  modulus  calculation,  an  elastic  modulus  of  3.81  GPa  was  obtained  for  the 
biopolymer  matrix  [20],  Using  elastic  modulus  mapping  technique  and  finite  element  simulation, 
the  elastic  modulus  of  biopolymer  matrix  of  Perna  canaliculus  shells  (mainly  beta-chitin)  is 
estimated  to  be  40  GPa  [21].  However,  due  to  the  dimensional  limitation  of  the  biopolymer 
matrix  (layer  thickness  less  than  30  nm),  all  the  above  measurements  of  elastic  modulus  with  a 
wide  variation  from  2.84  to  40  GPa  are  indirect  and  inevitably  affected  by  the  nearby  aragonite 
platelets. 
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In  this  study,  a  novel  approach  combining  direct  AFM  probing  of  biopolymer  strands  and  inverse 
finite  element  analysis  was  used  to  determine  the  elastic  modulus  of  nacre  biopolymer  matrix. 
Bending  test  was  directly  performed  on  the  biopolymer  strands  formed  in  the  tensile  stress  field 
of  a  notched  beam  subjected  to  three-point  bending  using  atomic  force  microscopy  (AFM). 
Cantilever  position  and  deflection  curves  of  the  bending  test  of  biopolymer  strands  were 
obtained  using  AFM.  Inverse  finite  element  analysis  was  resorted  to  determine  the  elastic 
modulus  of  biopolymer  matrix  by  simulating  the  elastic  bending  of  the  biopolymer  strands. 


2.  Experimental 

2. 1  AFM  bending  test  of  biopolymer  strands 

The  nacre  materials  used  in  this  study  are  from  California  red  abalone  (Haliotis  rufescens)  that 
belongs  to  the  class  of  gastropoda.  The  shells  were  collected  alive  in  Santa  Barbara,  CA.  To 
minimize  the  detrimental  effect  of  drying  on  the  structure  of  shells,  they  were  cleaned  and  air 
delivered  in  ice  to  the  laboratory  where  the  experiments  were  conducted.  A  notched  beam 
specimen  with  dimension  of  15x2. 3x1. 7  mm  (length  x  height  x  width)  was  cut  from  the  nacre 
layer  of  the  shells  with  a  water-cooled,  low-speed  diamond  saw  and  the  top  surface  of  the 
specimen  was  mechanically  ground  and  polished  using  abrasives  and  powders  down  to  50  nm  in 
size.  The  specimen  was  then  mounted  to  a  custom-designed  micromechanical  tester  which  was 
integrated  with  a  Dimension  3100  AFM  (Veeco  Metrology  Group,  Santa  Barbara,  CA)  to 
perform  three-point  bending  test  while  AFM  imaging  was  carried  out  simultaneously  around  the 
notch  tip,  where  stress  concentration  occurred  and  nacre  material  was  mainly  subjected  to  tensile 
stresses  (Fig.  la).  Upon  tension,  the  nacre  material  around  the  notch  tip  was  deformed  and 


4 


elongated  and  the  biopolymer  matrix  between  aragonite  platelets  was  stretched  to  form  the 
biopolymer  strands  as  shown  in  Fig.  lb.  The  fractured  nacre  specimens  were  observed  using  a 
field  emission  scanning  electron  microscope  (FE-SEM,  Ultra  Plus,  Carl  Zeiss  SMT  Inc., 
Peabody,  MA)  with  an  accelerating  voltage  of  5  kV.  The  SEM  images  (Fig.  lc)  also  show  the 
biopolymer  strands  between  the  aragonite  platelets. 


Fig.  1.  (a)  Schematic  of  three-point  bending  of  notched  nacre  beam,  (b)  AFM  image  of  the 
biopolymer  strands  formed  between  aragonite  platelets  in  the  tensile  region  of  notched  nacre 
beam,  (c)  SEM  image  of  the  biopolymer  strands  formed  between  aragonite  platelets  in  the 
fractured  nacre  beam. 
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After  the  biopolymer  matrix  was  stretched  to  form  the  biopolymer  strands,  a  RESEP  tapping 
AFM  tip  was  used  to  perform  a  bending  test  at  the  middle  of  the  biopolymer  strand  as 
schematically  shown  in  Fig.  2a.  During  bending  test,  the  AFM  tip  approached  to  the  biopolymer 
strand  at  a  velocity  of  144nm/s.  Once  the  AFM  tip  was  in  contact  with  the  biopolymer  strand,  the 
cantilever  started  to  deflect  up  and  a  bending  force  was  applied  to  the  biopolymer  strand,  which 
results  in  the  deformation  of  the  biopolymer.  As  shown  in  Fig.  2b,  the  relation  between 
cantilever  position,  z,  the  deflection  of  cantilever,  dc,  and  the  deformation  of  the  biopolymer 
strand,  ds  is  given  by 

z=  dc  +  ds  (1) 

After  the  cantilever  deflection  reached  a  preset  threshold,  it  will  withdraw  completely  at  the 
velocity  of  144  nm/s. 


Fig.  2.  (a)  schematic  of  bending  test  directly  performed  on  biopolymer  strand  using  AFM  tip.  (b) 
Relationship  between  the  cantilever  z  position,  the  cantilever  deflection,  and  the  deformation  of 
the  sample. 
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2.2  Modulus  mapping  test 


Modulus  mapping  was  also  performed  on  the  polished  nacre  surface  to  quantify  the  elastic 
modulus  of  the  biopolymer  interface  between  two  aragonite  platelets.  The  mapping  was  done 
with  a  60°  conical  diamond  indenter  using  Hysitron  Triboscope  (Hysitron  Inc.,  Minneapolis, 
MN).  During  modulus  mapping,  a  SR830  DSP  Lock-in  Amplifier  (Stanford  Research  Systems 
Inc.,  Sunnyvale,  CA)  is  used  to  apply  a  sinusoidal  dynamic  force  with  a  frequency  of  200  Hz 
additionally  to  the  indenter  tip  which  scans  the  sample  surface  with  a  constant  force  and  the 
resultant  sample  displacement  is  recorded  by  the  nanoindenter  transducer.  The  oscillated 
dynamic  force  and  resultant  displacement  can  be  used  to  calculate  the  contact  stiffness  and  thus 
the  elastic  modulus  with  known  indenter  geometry. 


3. 1  nverse  finite  element  analysis 

The  initial  bending  of  the  biopolymer  strands  is  mainly  elastic  deformation  and  can  be  used  to 
determine  the  elastic  modulus  of  the  biopolymer  matrix.  This  requires  an  inverse  finite  element 
analysis,  that  is,  varying  the  input  elastic  properties  of  the  biopolymer  in  a  finite  element  model 
and  getting  an  output  cantilever  position  and  deflection  curve  which  best  fits  an  individual 
experimental  curve.  A  typical  three  dimensional  finite  element  model  used  in  this  study  is  shown 
in  Fig.  3.  Considering  the  symmetry  in  y  direction  (see  Fig.  2a),  only  half  of  the  cantilever,  the 
tip  and  the  biopolymer  strand  was  modeled.  Very  fine  mesh  was  employed  in  the  contact  region 
of  the  tip  and  the  biopolymer  strand  to  insure  convergence  and  accuracy  of  the  simulation.  The 
silicon  tip  was  simplified  as  a  cone  with  20  °  half  tip  angle  and  tip  radius  of  10  nm.  The  average 
nominal  height  of  the  tip  is  17.5  pm.  The  elastic  modulus  for  the  Si  tip  is  125  GPa  [22],  The 
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cantilever  beam  normally  has  a  gold  top  layer  to  reflect  the  laser  to  a  photodiode  detector  to 
control  either  a  constant  contact  or  tapping  force  between  tip  and  sample  surface.  The  effective 
elastic  modulus  Ec  of  the  cantilever  for  finite  element  modeling  is  determined  using  the 
following  equation  [23] 


Ec 


2  ka 2  (2L  —  a) 
w  £a 


(2) 


where  k  is  the  spring  constant  of  the  cantilever  beam,  k=34.4  N/m;  a  is  distance  between  the 
center  of  the  tip  to  the  end  of  the  cantilever  beam,  a=  120.68  pm  [24];  L,  w,  and  t  are  the  length, 
width,  and  thickness  of  the  cantilever  beam  (as  shown  in  Fig.  3)  and  L=128  pm,  w=35  pm,  and 
t=4  pm.  This  gives  an  effective  elastic  modulus  of  the  cantilever  beam  117.79  GPa.  The 
dimension  parameters  of  the  biopolymer  strands  namely  length  and  diameter  were  measured 
directly  from  the  AFM  images.  Detailed  dimension  of  the  five  biopolymer  strands  for  the 
bending  test  is  listed  in  Table  1.  The  Poisson’s  ratio  used  for  the  tip  and  the  cantilever  beam  is 
0.25  while  Poisson’s  ratio  for  the  biopolymer  is  0.3. 


Fig.  3.  Finite  element  model  of  the  bending  test  of  biopolymer  strand. 


8 


The  following  boundary  conditions  were  used  in  the  finite  element  model.  Roller  boundary 
conditions  were  applied  to  the  nodes  on  the  y  axis-symmetry  planes  of  the  cantilever,  tip,  and  the 
biopolymer  strand.  Nodes  on  the  end  of  biopolymer  strand  in  contact  with  aragonite  platelet  were 
pinned  during  the  simulation.  Bending  of  the  biopolymer  was  performed  by  stepwise  applying  a 
5  nm  displacement  in  z  direction  at  the  end  of  the  cantilever  beam  and  the  corresponding 
deflection  of  the  cantilever  beam  was  determined  at  the  node  on  top  of  the  cantilever  beam  that 
coincides  with  the  axis  of  the  conical  tip.  No  friction  was  considered  between  the  tip  and  the 
biopolymer  strand. 

4.  Results  and  discussion 


4.1  Elastic  modulus  mapping  of  interface  between  aragonite  platelets 
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Fig.  4.  Modulus  mapping  of  biopolymer  interface,  (a)  Elastic  modulus  map  in  a  800x800  nm 
area  covering  the  biopolymer  interface,  (b)  Modulus  variation  along  the  solid  line  shown  in  (a). 
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Fig.  4  shows  the  elastic  modulus  mapping  of  an  interface  layer  between  two  aragonite  platelets. 
As  shown  in  Fig.  4a,  the  measured  elastic  modulus  of  the  aragonite  platelets  (bright)  is  much 
higher  modulus  than  the  interface  (dark).  This  modulus  difference  can  be  clearly  seen  in  Fig.  4b 
where  the  variation  of  elastic  modulus  along  the  solid  line  in  Fig.  2a  is  plotted.  The  elastic 
modulus  of  aragonite  platelet  reported  in  the  literature  [1,9,25-30]  is  in  the  range  of  50  to  100 
GPa  with  a  commonly  accepted  value  about  70  GPa.  By  varying  the  indenter  tip  radius  for 
modulus  mapping,  the  elastic  modulus  of  aragonite  platelets  shown  in  Fig.  4  has  been  adjusted  to 
the  value  around  70  GPa.  A  randomly  selected  20  values  inside  each  platelet  give  an  average 
elastic  modulus  of  68.81+6.91  GPa  for  aragonite  platelet  while  a  randomly  selected  40  values 
within  the  interface  give  an  average  elastic  modulus  of  48.81±2.51  GPa  for  the  biopolymer.  This 
value  is  a  bit  higher  than  40  GPa  [21]  obtained  combining  a  similar  modulus  mapping  technique 
and  finite  element  simulation.  However,  the  ratio  of  elastic  modulus  of  the  aragonite  to  the 
biopolymer  is  0.71,  which  agrees  well  with  the  normalized  elastic  modulus  of  the  biopolymer 
interface  experimentally  measured  by  modulus  mapping  [21].  Although  the  elastic  modulus 
mapping  technique  provides  insightful  information  of  the  modulus  variation  across  the 
biopolymer  interlayer,  due  to  the  physical  dimension  of  the  indenter  tip  and  very  narrow 
biopolymer  thickness,  it  is  impossible  to  eliminate  the  effect  of  nearby  aragonite  platelets. 
Therefore,  a  more  realistic  modulus  value  of  the  biopolymer  matrix,  which  is  still  absent  in  the 
literature,  should  be  determined  by  directly  probe  the  biopolymer  strands  without  the  influence 
from  nearby  aragonite  platelets. 

4.2  AFM  bending  test  of  biopolymer  strands 
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F  ig.  5.  Typical  AFM  cantilever  z  position  and  deflection  curve  for  bending  of  biopolymer  strand. 


A  typical  AFM  cantilever  z  position-deflection  curve  of  bending  test  of  biopolymer  strand  is 
shown  in  Fig.  5.  The  curve  consists  of  two  parts,  the  loading  and  the  unloading  segments.  The 
loading  segment  shows  a  bilinear  trend  with  the  initial  slope  smaller  than  the  final  one  indicating 
a  strengthening  behavior  during  the  bending  deformation.  The  initial  linear  loading  curve  is 
mainly  dominated  by  elastic  bending  deformation  while  inelastic  deformation  occurs  during  the 
final  stage  of  loading.  The  transition  from  elastic  and  inelastic  bending  behavior  occurs  around  a 
cantilever  position  z  =  3nm.  The  unloading  segment  deviates  from  the  loading  one  confirming 
the  inelastic  deformation  of  the  biopolymer  strand  during  bending.  The  strengthening  behavior  of 
the  biopolymer  matrix  during  bending  can  be  explained  by  the  unfolding  of  the  modular  structure 
of  biopolymer  molecules  and  a  physical  coil  spring  model.  Detailed  discussion  and  explanation 
about  of  the  deformation  behavior  during  bending  and  the  strengthening  mechanism  of  the  nacre 
biopolymer  matrix  will  be  presented  elsewhere. 

4.3  Inverse  finite  element  analysis 
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Fig.  6.  Flow  chart  of  the  inverse  analysis  procedure  for  the  elastic  modulus  determination  of 
biopolymer  strands. 


The  flow  chart  for  inverse  finite  element  analysis  is  shown  in  Fig.  6.  To  determine  the  elastic 
modulus  of  the  biopolymer  matrix  of  nacre,  an  initial  guess  elastic  modulus  E  is  first  input  into 
the  finite  element  model.  Simulation  of  bending  test  is  then  carried  out  numerically  to  obtain  the 
cantilever  z  position  and  deflection  curve  and  a  slope  of  the  z  position  and  deflection  curve  at  the 
initial  3  nm  movement  of  the  cantilever  Si-fe  is  determined.  Then  the  Si-fe  is  compared  to  the 
experimentally  measured  Si-ex  ■  If  the  difference  between  Seex  and  Si-fe  is  larger  than  0.02%  of 
Si-ex,  the  input  E  will  be  adjusted  and  finite  element  simulation  will  run  again  to  determine  the  Si- 
fe ■  This  iteration  will  be  repeated  until  the  elastic  modulus  of  biopolymer,  Ep,  which  gives  an 
error  between  S,.ex  and  Si-fe  less  than  0.02%,  is  obtained. 

Fig.  7  shows  the  comparison  of  the  cantilever  z  position  and  deflection  curves  of  finite  element 
analysis  (FE)  and  experimental  AFM  bending  test  (EX)  for  five  biopolymer  strands.  As  can  be 
seen,  very  good  agreement  between  finite  element  analysis  and  experimental  AFM  bending  has 
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been  achieved,  which  in  turn  leads  to  an  excellent  agreement  of  the  slopes  of  the  z  position  and 


deflection  curves  between  finite  element  simulations  and  experiments  as  shown  in  Table  1.  The 
elastic  modulus  determined  from  the  inverse  finite  element  analysis  of  each  biopolymer  strand  is 
also  listed  in  Table  1.  The  elastic  moduli  of  biopolymer  strands  range  from  7.67  GPa  to  13.74 
GPa  with  an  average  value  of  10.57  GPa  and  a  standard  deviation  of  2.56  GPa.  This  property  is 
essential  for  a  fundamental  understanding  of  the  roles  that  the  biopolymer  matrix  plays  in  nacre’s 
strengthening  and  toughening,  and  provides  guidelines  in  selecting  engineering  polymers  for 
biomimetic  materials  design  and  fabrication. 


Z  Position  (nm) 


F  ig.  7.  Comparison  of  the  AFM  cantilever  z  position  and  deflection  curves  of  biopolymer  strands 
obtained  from  finite  element  simulations  and  experimental  bending  tests. 


Table  1.  Dimension  and  elastic  modulus  of  biopolymer  strands 


Biopolymer 

Strand 

Dimension 

Initial  Slope 

E  (GPa) 

Length  (nm) 

Diameter  (nm) 

Si-EX 

Si-FE 

SI 

100 

36 

0.4504 

0.4504 

9.75 

S2 

108 

62 

0.5222 

0.5222 

8.97 

S3 

125 

55 

0.4644 

0.4644 

7.67 

S4 

118 

67 

0.5858 

0.5859 

12.72 

S5 

129 

63 

0.5884 

0.5885 

13.74 
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5.  Conclusions 


A  novel  approach  combining  direct  AFM  probing  of  nacre  biopolymer  strand  and  inverse  finite 
element  analysis  was  used  to  determine  the  elastic  modulus  of  nacre  biopolymer  matrix.  The 
elastic  modulus  so  determined  for  nacre  biopolymer  matrix  without  the  nearby  aragonite  platelet 
influence  is  10.57±2.56  GPa.  This  information  will  be  helpful  for  understanding  and  modeling  of 
deformation  behavior  and  fracture  of  nacre  and  related  biomaterials.  The  combined  AFM 
probing  and  inverse  finite  element  analysis  techniques  are  unique  and  should  find  more 
applications  in  studying  the  mechanical  behavior  of  other  biomaterials. 
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New  deformation  mechanism  in  nacre 
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Under  high  strain  rate  (~103  s'1)  compression,  nacre  exhibits  surprisingly 
high  fracture  strength  and  relatively  marked  plastic  deformation 
excursion  compared  with  those  in  the  quasi -static  (10'3  s'1)  loading  mode, 
nevertheless  the  mechanism  at  work  within  nacre  why  they  behave  so 
distinctly  in  these  two  loading  modes  remains  completely  unknown.  Here 
we  report  a  new  deformation  mechanism,  adopted  by  natural  nacre  to 
protect  from  predatory  penetrating  impacts,  that  the  emission  of  partial 
dislocation  and  the  onset  of  deformation  twinning  jointly  contribute  a 
dominated  role  in  the  increased  fracture  strength  and  ductility.  Our 
findings  have  provided  solid  evidence  that  Mother  Nature  delicately  use 
design  principle  down  to  atomic  scale  with  a  purpose  to  fight  against 
foreign  attacks,  which  has  opened  up  a  new  opportunity  to  unravel  the 
deformation  mechanism  of  unique  mechanical  performance  at  the  atomic 
scale. 
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Nacre  has  attracted  huge  attention  in  the  past  decades  and  is  long 
renowned  for  the  natural  armor  materials  with  superior  mechanical 
strength  and  toughness  [1—11].  It  is  a  nanocomposite  with  highly 
organized  polygonal  aragonite  (A  polymorph  of  CaC03)  platelet  of 
200-500  nm  thickness  sandwiched  by  biopolymer  interlay  with  a 
thickness  ranging  from  5  to  20  nm.  Such  an  ingenious  assembly  principle 
makes  nanocomposite  nacre  achieve  remarkable  improvement  with  two 
fold  increase  in  strength  and  1000  fold  increase  in  toughness  comparing 
with  its  counterpart.  Several  deformation  mechanisms,  such  as  crack 
deflection  [3],  interlocking  [11],  nanoasperities  [5],  mineral  bridge  [2,  7], 
are  believed  to  collectively  contribute  to  nacre's  mechanical  robustness. 
However,  the  nacre's  basic  building  block,  individual  aragonite  platelets, 
receives  less  attention  for  its  role  and  working  mechanism  during 
deformation.  Recent  work  shows  that  single  aragonite  platelet  is 
essentially  composed  of  nanograins  with  parallel  crystallographic 
orientation  [13-15].  In  situ  Atomic  Force  Microscope  observation 
indicates  that  individual  aragonite  platelets  are  not  brittle,  but  deformable 
due  to  nanograins  rotation  and  plastic  deformation  [16].  Nevertheless,  in 
fact,  a  key  question  we  need  to  answer  is  that  how  natural  nacre  protects 
itself  when  suffering  from  a  high  speed  predatory  penetrating  attack  [12], 
Will  the  protect  mechanism  nacre  use  under  shock  load  be  same  with  that 
we  have  explored  using  conventional  testing  methods  in  quasi-static 


mode?  To  unveil  the  mechanism,  the  knowledge  of  structure-property 
relationships  under  shock  is  in  need  for  in-depth  understanding.  In  this 
letter,  we  design  a  group  of  compression  experiments  at  shock  and 
quasi-static  loading  mode.  We  propose  shock  compression  at  a  high  strain 
rate  (~103  s'1)  with  a  purpose  to  mimic  predatory  penetrating  impacts 
(typically  102~103  s'1)  red  abalone  undergo  in  actual  existence 
environment  in  sea.  We  find,  comparing  with  those  in  quasi-static  load, 
that  nacre  can  resist  much  higher  shock  compressive  stress  and  reveal 
more  superior  plasticity  deformation  capability  through  the  emission  of 
partial  dislocation  and  the  onset  of  deformation  twinning,  which  are 
related  to  the  combined  factors  of  high  strain  rate  and  nanometer-size 
confinement. 

N  atural  red  abalone  nacre  (Haliotis  rufescens )  alive,  which  were  collected 
in  Santa  Barbara  beach,  CA,  belong  to  the  class  of  gastropoda.  They  were 
air  delivered  with  ice  to  the  laboratory  for  the  consideration  to  reduce  the 
detrimental  effect  of  drying.  Nacre  compression  samples  were  cut  from 
the  nacreous  layer  with  a  water-cooled,  low-speed  diamond  saw.  The 
quasi-static  and  shock  compression  test  are  respectively  carried  out  by  the 
Instron  5566  and  Kolsky  (or  Split  Hopkinson  pressure  (SHPB))  bar 
system  [17,18],  where  the  nacre  samples  are  sandwiched  between  the 
input  and  output  bars.  For  simplicity,  we  only  test  the  rectangular  samples 


compressed  along  cross  section  direction.  The  post-mortem  powder 
samples  were  directly  collected  and  dispersed  into  distilled  water  using 
ultrasonic  wave  for  two  hours.  The  TEM  powder  samples  were 
transferred  onto  the  holey  carbon-coated  copper  film  for  observation  in  a 
JEOL  JEM  2100F  transmission  electron  microscope  at  an  accelerating 
voltage  of  200  KV. 

True  stress-strain  curves  (Figure!)  reveal  compression  behavior  under 
dynamic  and  quasi-static  loading.  In  the  case  of  quasi-static  mode,  the 
fracture  stresses  measured  from  four  lower  curves  (dot  lines)  are  arranged 
80-200  M  Pa,  and  true  strains  are  generally  lower  than  4%.  In  contrast,  the 
peak  stresses  loaded  from  dynamic  compression  (solid  lines)  are  typically 
in  the  range  of  450-500  M  Pa,  which  is  2~3  times  for  the  corresponding 
values  in  quasi-static  tests.  In  addition,  the  true  stains  associated  with 
plasticity  deformation  capability  prevalently  reach  a  level  4%  to  6%, 
which  have  obviously  been  improved  with  the  dynamic  background. 

Based  on  above  distinct  results,  a  question  is  raised  to  be  answered:  what 
role  do  nacre's  aragonite  platelets  play  and  how  do  they  work?  HRTEM 
observations  (Figure  2A)  indicated  that,  when  deformed  in  quasi-static 
load,  aragonite  platelet  consisted  of  irregular-shaped  nanograins  with 
random  orientations.  A  smaller  box  area  (blue  box  in  Figure  2(A))  with 


interest  was  chosen  to  present  a  closer-view  of  lattice  fringe  details. 
Analysis  on  boxed  area  showed  that  at  least  four  nanograins  were 
incorporated  and  remained  random  orientation  (Figure  2(B)).  We 
suggested,  for  the  first  time,  that  nanograins  in  a  parallel  manner  rotated 
and  plastically  deformed,  corresponding  to  the  feature  from  Fast  Fourier 
Transform  (FFT)  pattern  (Figure  2(C)). 

Nevertheless,  what  was  picture  within  single  aragonite  platelet  under 
shock  compression?  HRTEM  image  (Figure  3(A))  showed 
nanometer-sized  deformation  zone  composing  of  nanograins  with  random 
orientation,  which  scattered  like  ring  pattern  (inset).  Accordingly,  a 
closer-up  examination  on  white-boxed  area  showed  that  lattice 
irregularities  were  triggered  in  nanometer-sized  grain  through  the  atomic 
measurement  and  analysis  (Figure  3(B),  which  could  be  identified  as 
partial  dislocation,  a  new  crystallographic  defect  never  seen  in  nacre.  The 
atomic  details  indicated  that  the  regular  sequence  of  atoms  terminated  at 
the  site  (red  arrowed)  and  atoms  (white  arrowed)  slid  to  crystallographic 

plane  by  introduction  of  a  Burgers  Vector  b1(  which  could  be  visualized 
as  partial  dislocation  by  <  52  ,  Figure  3(C)  was  a  schematic 
illustration  exhibiting  how  partial  dislocations  were  recognized  via 

measuring  atomic  spacing,  where  b2  represented  a  unit  cell  vector  in 
aragonite,  the  magnitude  of  which  equals  to  a  integer  atomic  spacing. 


Previous  results  showed  that  both  microstructure  change  [19]  and 
external  load  [20]  could  trigger  deformation  twinning,  which  was  not 
prevalent  in  conventional  crystalline  solid.  The  deformation  twinning 
(Figure  1(A))  can  be  identified  by  the  mirror  symmetry  between  matrix 
and  twin  with  atomic  resolution  image  together  with  FFT  pattern  (inset), 
which  scattered  dual-spot  pattern.  A  closer-up  view  on  matrix-twin 
boundary  indicated  that  twin  boundaries  (TB)  were  atomically  sharp,  but 

not  perfectly  coherent,  which  was  indexed  as  (110)  plane  (Figure  4(B)). 
Combined  with  atomic  image  and  FFT  pattern  (Figure  4(C)),  twin  was 

determined  to  occur  on  the  (110)  plane.  Our  previous  experimental  results 
show  that  individual  platelets  are  essentially  composed  of  nanograins 
with  a  few  to  tens  of  nanometers  [13-16].  We  suggest  that  shock  impact 
combined  with  such  a  size  regime  (several  to  tens  of  nanometers)  in 
aragonite  crystal  can  restrain  full  dislocations  activities,  and  partial 
dislocations  take  a  dominated  effect  on  plastic  deformation.  However,  the 
formation  mechanism  of  deformation  twinning  is  an  open  question  to  be 
answered. 

What  will  happen  at  grain  boundary  between  aragonite  nanograins?  Our 
previous  TEM  results  [14]  show  that  there  exist  at  least  two  types  of 
imperfect  transition:  screw  dislocation  and  amorphous  aggregation. 
Figure  4(A)  exhibit  the  offspring  of  amorphous  aggregation  surrounded 


by  nanograins  after  shock  compression.  The  messy  spot  diffraction 
pattern  (inset)  indicates  that  ordered  arrangements  of  aragonite 
nanograins  have  been  broken  after  deformation.  Our  observation 
reversely  confirms  our  assumption  [14]  that  amorphous  aggregation  is  an 
important  transition  phase  as  grain  boundary  between  nanograins. 

In  summary,  we  firstly  demonstrate  solid  evidence  that  two  new 
deformation  mechanisms,  involving  partial  dislocation  and  deformation 
twinning,  are  triggered  in  individual  aragonite  platelet  of  nacre  under 
shock  attack.  The  high  shock  stress  and  more  superior  ductibility  benefit 
for  nacre's  protection  from  predatory  penetrating  impact.  Based  on  the 
observation,  our  results  firmly  confirm  the  fact  that  individual  platelets 
are  essentially  composed  of  aragonite  nanograins. 
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True  strain 


Fig.l.  The  true  stress-strain  behavior  of  nacre  under  shock  (~103  s'1)  and 
quasi-static  compression  (10'3  s'1).  The  stress-strain  curves  shows  that 
maximal  compressive  stresses  in  shock  are  typically  as  high  as  500  M  Pa, 
far  exceeding  those  (generally  below  200  M  Pa)  in  quasi-static  mode,  and 
the  plastic  deformation  capability  has  been  improved  markedly. 


Fig.  2.  Disordered  aragonite  nanograins.  When  deformed,  nanograins, 


rearranged  in  a  disorganized  manner  (A),  a  closer-view  on  blue  box 
shows  that  at  least  four  nanograins  with  random  orientation  pile  up  at  this 
area  (B),  where  the  F  FT  scatters  a  messy-spot  pattern  (C). 


Fig.  3.  Analysis  and  comfirmation  of  partial  dislocation.  The  region  with 
disordered  nanograins  (A)  scatters  ring-like  pattern  (inset),  indicating  that 
a  process  involving  grain  boundary  rotation  has  taken  place.  In  detail, 
new  crystallographic  irregularity  within  one  grain  (white  box)  can  be 
measured  and  analyzed  with  a  point-to-point  resolution  (B),  the  partial 
dislocation  can  be  determined  by  the  characterization  and  measurement 
of  burgers  vector,  which  is  schematically  illustrated  (C). 


Fig.  4.  (A)TEM  micrograph  of  deformation  twinning.  The  inset  is  the 
confirmation  of  twinning  using  FFT  analysis.  (B)  A  doser-up  view  on 
twinning  boundary  and  its  mirror  symmetry  relation  from  white  boxed 
area.  (C)  The  FFT  showing  the  twinning  relation  between  narrow  band 


and  matrix. 


Fig.  5.  TEM  micrograph  of  amorphous  aggregation.  (A)  amorphous 


aggregation  are  surrounded  by  nanometer-sized  aragonite  grains  with 
random  orientation  characterized  by  FFT  pattern  (inset).  (B)  FFT  without 
clear  spot  pattern  from  white  boxed  region  shows  a  characteristic  of 
amorphous  aggregation.  (C)  A  closer-up  view  of  amorphous  aggregation 
from  corresponding  white  boxed  area  in  (A)  shows  a  mosaic  feature. 


